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Resum 
Out-of-plane stability of unreinforced masonry walls is an important aspect to be taken into 
account in edification. This construction technique is widely used and it is one of the most 
vulnerable to seismic loading. It has been observed that damage produced by out-of-plane 
loadings is one of the most commonly produced failure mechanisms in seismic hazards. Despite 
of that, research into the out-of-plane stability of masonry walls is not yet enough developed.  
The aim of this research is to create a three-dimensional finite element model in order to study 
the latter problem. A parametrical study is performed on two numerical models under 
monotonic and cyclic out-of-plane loads. The influence of various geometrical and boundary 
  
conditions are studied in two different models of a single wall: a homogenized and a distinct 
model.  
A damage plasticity formulation, appropriate for brittle materials, is implemented for modeling 
the behavior of the wall. In the distinct model, frictional and cohesive interaction models are 
used for modeling the joints, which are constituted by mortar. 
Firstly a monotonic homogeneous distributed out-of-plane pressure is applied, in order to 
determine both, the resistance of the wall in terms of its force-displacement curve, and the 
failure mechanism. Next, the same model is submitted to cyclic out-of-plane uniform pressure 
and energy dissipation, as well as stiffness degradation is analyzed. 
Finally, some qualitative recommendations for the unreinforced masonry walls are derived from 
the results, with the purpose of maximizing the resistance in front of out-of-plane loading. 
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Nomenclature 
Roman symbols 
 
A   Area 
M
ic 1+  Difference between the numerical and the exact solutions 
d   Stiffness degradation, displacement 
cd  Compressive damage parameter 
td  Tensile damage parameter 
D0
el
 Initial elasticity matrix 
E  Damaged elastic modulus 
0E   Elastic initial modulus 
DE   Dissipated energy 
EE   Restorable elastic energy 
LE   Total energy input 
rE   Relative error 
f   Force vector 
NF   Force component conjugate of the N
th
 variable 
F  Yield function 
αf
  
Field variable 
G
 
Flow potential 
H   Height of the wall 
h   Penetration of the surfaces 
K  Stiffness matrix 
ttssnn KKK ,,  Stiffness coefficients 
cK  Ratio of the second stress invariant 
L   Length of the wall 
0L   Initial length of the element 
p   Contact pressure between two surfaces at a point
 
p
 
Hydrostatic pressure stress 
q
 
Misses equivalent effective stress 
S Slip 
Sa  Spectral acceleration 
Sd  Spectral displacement 
S Effective stress deviator 
t Nominal traction stress, thickness of the wall 
( )tsn ttt ,,  Traction stress vector 
( )000 ,, tsn ttt  Limit traction stress vector 
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u  Nodal displacement vector, exact solution 
Mu  Value of the M
th
 variable 
*u  Approximate solution 
 
Greek symbols 
 
  Thermal expansion coefficient 
δ
 
Separations
 
∆ Thermal expansion 
∆  Increment of temperature 
el
t0ε   Elastic tensile strain 
el
c0ε  Elastic compressive strain 
cε  Total compressive strain 
in
cε   
Compressive inelastic (crushing) strain 
pl
cε
~
 Compressive damaged plastic strain 
tε   Total tensile strain 
Tε   Thermal strains 
ck
tε  
Cracking tensile strain 
pl
tε
~
  Tensile damaged plastic strain 
ψ  Dilation angle 
21,γγ &&   Slip velocity components
 
eqγ&
  
Equivalent slip rate 
µ
 
Coefficient of friction 
tσ   Tensile stress 
Tσ   Thermal stress 
yσ  
 
Misses yield stress
 
σ
 Effective stress 
maxσ
 Maximum principal effective stress 
boσ
 Initial equibiaxial compressive yield stress 
coσ
 Initial uniaxial compressive yield stress 
τ
  
Shear stress 
21 ,ττ  
Shear stress components 
critτ   
Critical shear stress 
θ  
 
Temperature 
ξeq  Equivalent viscous damping 
ξ  Flow potential eccentricity  
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Abstract 
Numerical analysis of the out-of-plane behavior of Unreinforced Masonry Walls 
Laura Sendra González 
Tutors: Antonio Rodríguez Ferran and Lukas Reindl 
 
Out-of-plane stability of unreinforced masonry walls (URMW) is an important aspect to be 
taken into account in edification. This construction technique is widely used and it is one of the 
most vulnerable to seismic loading. It has been observed that damage produced by out-of-
plane loadings is one of the most commonly produced failure mechanisms in seismic hazards. 
Despite of that, research into the out-of-plane stability of masonry walls is not yet enough 
developed. 
The aim of this research is to develop a three-dimensional finite element model in order to 
study the latter problem. A parametrical study is performed on two numerical models under 
monotonic and cyclic out-of-plane loads. The influence of various geometrical and boundary 
conditions are studied in two different models of a single wall: a homogenized and a detailed 
model.  
A damage plasticity formulation, appropriate for brittle materials, is implemented for modeling 
the behavior of the wall. In the detailed model, frictional and cohesive interaction models are 
used for modeling the joints, which are constituted by mortar.   
Firstly a monotonic homogeneous distributed out-of-plane pressure is applied, in order to 
determine both the resistance of the wall in terms of its force-displacement curve, and the 
failure mechanism. Next, the same model is submitted to cyclic out-of-plane uniform pressure 
and energy dissipation, as well as stiffness degradation is analyzed. Finally, some qualitative 
recommendations for the unreinforced masonry walls are derived from the results, with the 
purpose of maximizing the resistance in front of out-of-plane loading.  
 
Both models lead to the same conclusion about the parametrical influence over the peak 
resistance of the wall and the main qualitative properties for enhancing the resistance of 
URMW under out-of-plane loading that should be taken into account in the construction 
design are: 
• To provide the wall of proper subjection conditions 
• To reduce, as possible, the aspect ratio and increase the thickness of the bricks. 
• To take into account the vertical load level, that provides confinement to the wall, thus 
greater bearing out-of-plane capacity.  
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Resumen 
Análisis numérico del comportamiento de muros de mampostería no 
armados bajo carga perpendicular al plano 
Laura Sendra González 
Tutores: Antonio Rodríguez Ferran y Lukas Reindl 
 
La estabilidad de muros de mampostería bajo carga perpendicular a su plano constituye un 
aspecto importante en edificación. Esta técnica es ampliamente usada, además de una de las 
más vulnerables ante cargas sísmicas. Recientemente, se ha observado que el daño producido 
por cargas perpendiculares al plano es uno de los mecanismos de rotura más comunes antes 
sismos. A pesar de esto, a día de hoy, la investigación en el tema no está suficientemente 
desarrollada.  
El objetivo de esta investigación es el desarrollo de un modelo numérico para el estudio del 
problema anterior. Un estudio paramétrico es llevado a cabo en dos modelos sujetos a cargas 
monotónicas y cíclicas. Se estudia la influencia de diversas condiciones geométricas y de 
contorno en dos modelos distintos de un simple muro: un modelo homogeneizado y un 
modelo detallado. 
Para la modelización del comportamiento del muro, se implementa una formulación de 
material plástico con daño, adecuada para materiales frágiles. Además, en el modelo 
detallado, se estudian dos modelos de interacción (de fricción y cohesivo) para la modelización 
de las juntas, constituidas por mortero. 
Inicialmente, se aplica una presión perpendicular al plano distribuida homogéneamente, con 
tal de determinar la resistencia del muro, en términos de su curva fuerza-desplazamiento, y el 
mecanismo de fractura. Seguidamente, se somete al mismo modelo a presión homogénea 
cíclica, con tal de observar la disipación de energía y la degradación de su rigidez. Finalmente, 
se exponen algunas recomendaciones cualitativas deducidas de los resultados, con tal de 
maximizar la resistencia de muros de mampostería ante cargas perpendiculares al plano.  
Se desprende la misma conclusión sobre la influencia paramétrica sobre la resistencia pico de 
ambos modelos y se puede concluir que las principales propiedades cualitativas para 
incrementar la resistencia de los muros bajo carga perpendicular al plano que deberían 
tenerse en cuenta en el diseño son: 
• Proveer al muro de las condiciones de apoyo adecuadas 
• Reducir, en la medida de lo posible, la relación altura-anchura e incrementar el 
espesor de los ladrillos 
• Tener en cuenta el nivel de carga vertical, que confina el muro, y por lo tanto lo provee 
de mayor capacidad ante cargas perpendiculares al plano. 
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1. Introduction 
1.1. State-of-the-Art 
Unreinforced masonry is a construction technique widely used in edification constructions and 
one of the most vulnerable to seismic loading. It has been observed that damage produced by 
out-of-plane loadings is one of the most commonly observed failure mechanisms in seismic 
hazards. Despite of that, research into the out-of-plane stability of masonry walls is not yet 
enough developed and very simplified construction rules based on slenderness criteria and 
geometric properties are used as design criteria. Moreover, whilst a considerable amount of 
effort has been conducted on one-way vertically spanning walls [1], current understanding of 
the seismic response of two-way walls is still limited. One of the main future goals of the 
research into masonry is a more accurate approach for the out-of-plane design of masonry 
walls. 
Research on the latter problem is performed by means of experimental and analytical 
investigations, which can be carried out from different points of view. In order to create 
proper design methodologies as well as to enhance the theoretical knowledge about the 
matter, static, quasi-static and dynamic analyses have been performed in the past years.  
Models have been built with different geometrical and structural characteristics to study the 
corresponding parametrical influence [2], as well as comparisons to analytical predictions of 
simplified models based on limit state analysis for materials such masonry [2].  
Laboratory tests conducted on walls subjected to monotonic loading show how failure takes 
place along regular pattern of lines whose arrangement depends on boundary conditions and 
aspect ratio [3]. That has inspired approximation methods based on fracture line theory [4]. 
Stress state and stiffness degradation of masonry walls during the process of damage vary with 
material layout, so that is difficult to obtain reliable mathematical models [5].  
Displacement-based design has become popular in the recent years for ductile structural 
systems assessment, such as multi-storey buildings [6], but its level of development is not as 
high as in the in-plane stability problem.  It has been observed that the displacement-based 
method gives significantly better predictions than the force-based method, which moreover, 
cannot be used in some cases.  
Recently, a simplified displacement-based design procedure for vertically spanning walls has 
been developed [7], by using a trilinear relationship to approximate the nonlinear load-
displacement behavior. The investigation uses a single degree of freedom analytical model to 
extend the analytical database on dynamic URMW behavior. 
Experimental tests have been carried out for a wide range of wall geometries, boundary 
conditions, gravity loading and ground motion characteristics, in order to verify the method’s 
accuracy by quasi-static cyclic tests [8] on full-scale specimens and by dynamic tests on half 
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scale specimens subjected to harmonic sinusoidal acceleration at resonance frequency and to 
realistic seismic input [9].  
Computer simulations have been used as a tool to reduce the research economic cost. By this 
tool, investigations on the sensitivity of the peak dynamic displacement response to hysteresis 
modeling parameters [9] and system properties have been carried out [10]. 
Finite element studies of an URMW panel based on a discrete cracking model, using elastic 
volume elements to model masonry material, and surface contact elements to model mortar 
joints [11]. While two way bending analysis are limited [3] experimental and analytic studies in 
one way span conditions are abundant [12]. 
1.2.  Aim and work configuration 
In order to study the concerning problem of this thesis a finite element model of a masonry 
wall will be developed as three-dimensional solid. The finite element analysis of this thesis is 
performed by using Abaqus/Standard program. Abaqus/Standard is a finite element program 
with a wide range of material models, in particular for brittle materials, such as concrete and 
masonry, as well as contact formulations, which, in a detailed model of a masonry wall, can be 
implemented to define the interaction between bricks.  For this reason, Abaqus is preferred to 
Ansys, which does not provide as many material options, and which is usually used in the 
Department of Statics and Dynamics of the RWTH-Aachen University. 
In this thesis, a calibration of the material is performed by the adjustment of the behavior of 
modeled samples of calcium silicate to experimental data. In a second stage, a homogeneous 
unreinforced wall is modeled and its behavior under monotonic out-of-plane loading is 
studied. The influence of different boundary conditions, vertical load levels and brick and wall 
geometries is analyzed. In a further stage a detailed unreinforced model is developed and, by a 
similar procedure, a parametrical study is performed, as well as a study on the influence of 
different bond designs. Finally, a quasi-static cyclic analysis is performed on the detailed 
model. 
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2. Non-linear model “Concrete Damage Plasticity” for masonry 
Abaqus/Standard provides two models for non-linear brittle materials behavior, smeared 
cracking and concrete damaged plasticity. The material model concrete damaged plasticity in 
Abaqus/Standard is based on isotropic damaged elasticity in combination with isotropic tensile 
and compressive plasticity to represent inelastic behavior of concrete. This material model is 
designed for elements subjected to arbitrary loadings, such as cyclic loadings. For this reason, 
this material model is preferred for seismic analyses of masonry structures. 
2.1. Concrete damaged plasticity formulation 
Concrete damaged plasticity model assumes that the brittle material, unreinforced masonry in 
this case, fails due to two main failure mechanisms: tensile cracking and compressive crushing. 
The evolution of the yield surface (or failure) is determined by two hardening variables, tensile 
equivalent plastic strain (
pl
tε
~ ) and equivalent compressive plastic strain (
pl
cε
~ ), linked to the 
tension and compression failures respectively. This model assumes that failure of masonry can 
be effectively modeled using its response to uniaxial tension, uniaxial compression and by the 
plasticity characteristics.  
Under uniaxial tension, the stress-strain response follows a linear elastic relationship until the 
yield stress value. When the failure stress is reached, micro cracking formation in masonry is 
assumed to begin. Beyond the failure stress, the formation of micro-cracks is represented 
macroscopically with a softening stress-strain response, which induces strain localization in the 
structure.  
Under uniaxial compression, the response remains linear until the initial value of yield stress is 
reached. In the plastic regime, the response is typically characterized by stress hardening 
followed by strain softening.  
In addition to the compressive and tensile stress-strain data, this material model requires five 
parameters to define Drucker-Prager plastic flow function and yield function proposed by 
Lubliner [13]. These parameters are the dilation angle, flow potential eccentricity, ratio of 
initial equi-biaxial compressive yield stress to initial uniaxial compressive yield stress (σbo/σco) 
and the ratio of the second stress invariant on the tensile meridian to that on the compressive 
meridian. The value of dilation angle for calcium silicate is set equal to 36° and due to the lack 
of experimental data, the default values for the other parameters are adopted: 0.1, 1.16 and 
0.67 respectively. 
Tensile postfailure behavior of masonry is modeled with tension stiffening, in terms of the 
strain-softening behavior. Tension stiffening can be described by means of a postfailure stress-
strain relationship or by applying a fracture energy cracking criterion. Both descriptions are 
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studied. Postfailure stress is given as a function of cracking strain, defined as the total strain 
minus elastic strain: 
el
tt
ck
t 0εεε −=  ,   where   0/0 Et
el
t σε =
 
(1) 
If unloading data are available, they can be introduced in the model in terms of tensile damage 
curves, 
ck
ttd ε− , so that the cracking strain values are converted to plastic strain values by: 
( ) 01
~
E
t
td
tdck
t
pl
t
σ
εε
−
−=  
(2) 
In a similar way as in the tensile postfailure behavior, compressive stress data are provided as 
a tabular function of inelastic (or crushing) strain. The stress-strain curve is defined beyond the 
yield stress, into the softening range. 
Hardening data are given in terms of an inelastic strain, defined as the total strain minus the 
elastic strain corresponding to the undamaged material:  
el
cc
in
c 0εεε −=  ,    where   
0
0 E
cel
c
σ
ε =  
(3) 
If unloading data are available, they can be introduced in the model in terms of tensile damage 
curves, inccd ε− , so that the cracking strain values are converted to plastic strain values by: 
( ) 01
~
E
c
c
d
c
din
c
pl
c
σ
εε
−
−=  
(4) 
 
Figure 1 Tensile and compressive postfailure behavior [14] 
Under uniaxial cyclic loading conditions the degradation mechanisms are quite complex, 
involving the opening and closing of previously formed micro-cracks, as well as their 
interaction. Experimentally, it is observed that there is some recovery of the elastic stiffness as 
the load changes sign during a uniaxial cyclic test. The stiffness recovery effect, also known as 
the “unilateral effect,” is an important aspect of the concrete behavior under cyclic loading. 
The effect is usually more pronounced as the load changes from tension to compression, 
causing tensile cracks to close, which results in the recovery of the compressive stiffness. 
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The concrete damaged plasticity model assumes that the reduction of the elastic modulus is 
given in terms of a scalar degradation variable d as: 
( )
o
EdE −= 1  (5) 
where E0 is the initial (undamaged) modulus of the material. 
This expression holds both in the tensile and the compressive sides of the cycle. The stiffness 
degradation variable, d, is a function of the stress state and the uniaxial damage variables. For 
the uniaxial cyclic conditions:  
( ) ( )( )tdcscdtsd −−=− 111  (6) 
where st and sc are functions of the stress state that are introduced to model stiffness recovery 
effects associated with stress reversals.  
( )
( )( ) 1
c
w0      ; 11*11
1tw0               ; 11*1
≤≤−−=
≤≤−=
σ
σ
r
c
w
c
s
rtwts
 
(7) 
where 
( ) ( )




<
>
== 011   if   0
011   if   1
     1111* σ
σ
σσ Hr  (8) 
 
the weight factors wt and wc, which are assumed to be material properties, control the 
recovery of the tensile and compressive stiffness upon load reversal. The experimental 
observation in most quasi-brittle materials is that the compressive stiffness is recovered upon 
crack closure as the load changes from tension to compression. On the other hand, the tensile 
stiffness is not recovered as the load changes from compression to tension once crushing 
micro-cracks have developed. This behavior corresponds to wc=1 and wt=0, which are assumed 
in the calculations.  
 
Figure 2 Uniaxial load cycle tension-compression-tension [14] 
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Concrete plasticity is defined in Abaqus/Standard through the flow potential, yield surface and 
viscosity parameters.  
The stress-strain relations for the general three-dimensional multiaxial condition are given by 
the scalar damage elasticity equation: 
( ) 





−−=
plelDd εεσ :01  
(6) 
where D0
el
 is the initial (undamaged) elasticity matrix and the scalar stiffness degradation 
variable, d, is generalized to the multiaxial stress case. 
The plastic flow potential function and the yield surface make use of two stress invariants of 
the effective stress tensor, namely the hydrostatic pressure stress,  
( )σ 
3
1
tracep −=  (7) 
and the Mises equivalent effective stress,  
( )SSq : 
2
3
=  (8) 
 
 
where S   is the effective stress deviator, defined as 
IpS += σ  (9) 
The effective stress is defined as  
( )plelD εεσ −= :0  (10) 
The model assumes nonassociated potential plastic flow. The flow potential G used for this 
model is the Drucker-Prager hyperbolic function: 
( ) ψψξσ tantan 220 pqG t −+=  (10) 
where 
( )if,θψ  (11) 
is the dilation angle measured in the p–q plane at high confining pressure. 
( ) 0~, == plttito f εσθσ  (12) 
is the uniaxial tensile stress at failure, taken from the user-specified tension stiffening data and 
( )if,θξ  (13) 
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is a parameter, referred to as the eccentricity, that defines the rate at which the function 
approaches the asymptote (the flow potential tends to a straight line as the eccentricity tends 
to zero). 
This flow potential, which is continuous and smooth, ensures that the flow direction is always 
uniquely defined. The function approaches the linear Drucker-Prager flow potential 
asymptotically at high confining pressure stress and intersects the hydrostatic pressure axis at 
90°. 
The default flow potential eccentricity is x=0, which implies that the material has almost the 
same dilation angle over a wide range of confining pressure stress values. Increasing the value 
of x provides more curvature to the flow potential, implying that the dilation angle increases 
more rapidly as the confining pressure decreases.  
The model makes use of the yield function of Lubliner [13], with the modifications proposed by 
Lee and Fenves [15] to account for different evolution of strength under tension and 
compression. The evolution of the yield surface is controlled by the hardening variables, 
pl
tε
~
and 
pl
cε
~
. In terms of effective stresses, the yield function takes the form: 
( ) ( )( ) 0~ˆˆ~3
1
1
maxmax =−−−+−
−
=
pl
cc
plpqF εσσγσεβα
α
 
(14) 
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(15) 
 
(16) 
 
(17) 
where, max
ˆσ
 
is the maximum principal effective stress; ( )00 / cb σσ  is the ratio of initial 
equibiaxial compressive yield stress to initial uniaxial compressive yield stress (the default 
value is 1.16); Kc is the ratio of the second stress invariant on the tensile meridian, 0max <σ   
and it must satisfy the condition 0.5<Kc<1.0  (the default value is 2/3).  ( )pltt εσ ~  is the effective 
tensile cohesion stress; and ( )plcc εσ ~   is the effective compressive cohesion stress. 
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Figure 3 Yield surface in plane stress [14] 
 
Box 1 Summary of the Concrete Damage Plasticity material model 
 
1. Constitutive equation: 
 
( ) ( )plelDd εεσ −−= :1 0  
2. Plastic flow: 
( ) ψψξσ tantan 220 pqG t −+=  
 
3. Yield function: 
( ) ( )( ) 0~ˆˆ~3
1
1
maxmax =−−−+−
−
=
pl
cc
plpqF εσσγσεβα
α
 
Where the parameters , , ,0 dD plel ε pqt  , , , , 0 ψσξ plcεγσβα ~ , ,ˆ , , , max have been defined in the 
preceding equations. 
 
 
2.2.  Material model calibration and analysis 
The material model has to be tested and adjusted to the special requirements of masonry 
using experimental testing results. Masonry object of this study is made of calcium silicate 
bricks and mortar. The experimental data [16] provided by the Institute of experimental tests 
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for construction investigations of the RWTH-Aachen University contains information about the 
stress-strain curves of cylindrical calcium silicate samples under simple tension and simple 
compression experiments, as well as the force-displacement curve of a prismatic sample under 
bending, obtained in the three point bending test. These experimental tests are modeled 
numerically. 
2.2.1.  Material data  
A first approach is made in order to assess the behavior of the model depending on the 
inputted parameters. The material data used is a simplification of the experimental behavior of 
tested calcium silicate samples [16]. The elastic behavior is modeled as isotropic, with elastic 
modulus equal to 9 GPa and Poisson ratio equal to 0.12. The plastic behavior of the material is 
initially modeled by data of tables 1 and 2.  
Table 1 Compressive crushing behavior 
 
Compressive behavior 
Crushing stress 
(MPa) 
Plastic strain 
10 0 
15 0.0007 
18 0.0017 
20 0.0027 
19 0.0037 
16 0.0047 
15 0.0049 
Tabla 2 Tensile cracking behavior 
 
Tensile behavior 
Cracking stress 
(MPa) 
Plastic strain 
2 0 
1.3 0.0001 
0.9 0.0002 
0.6 0.0003 
0.4 0.0004 
0.26 0.0005 
0.23 0.0006 
0.21 0.0007 
0.2 0.0008 
0.25 0.0085 
0.02 0.01 
 
Numerical analysis of the out-of-plane behavior of unreinforced masonry walls 
 
 
22 
 
2.2.2.  Cylindrical sample subjected to simple tension and compression 
2.2.2.1 Simple Tensile Test 
A cylindrical sample with the same configuration as in the experimental test is subjected to 
incremental displacements on its upper face.  
 
 
 
 
 
 
 
 
 
 
 
 
A displacement based analysis is carried out in order to observe the entire behavior of the 
sample under tension. The cylinder is subjected on its entire lower face. As the subjection 
conditions in the experimental test might be slightly different, thus not perfect, some 
variations on the results are expected. The numerical results are shown in figure 5. 
 
Figure 5 Numerical result of the simple tensile test 
As expected, the material behaves elastically until the yield point, reached at 
 20 =tσ MPa. In 
the post peak behavior, the softening governs the behavior of the sample. The tensile behavior 
is described for a range of strain wide enough to allow the model to work, when tension and 
compression happen simultaneously, even if the tensed fibers have already overcome the yield 
point and softened.  
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Figure 4 Cylindrical sample. Diameter: 80 mm. Length: 160 mm. Fixed on 
its lower face and subjected to displacements on the upper face 
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2.2.2.2 Simple Compression Test 
An analysis with the same model and negative displacements is carried out in order to observe 
the compressive behavior of the sample. The numerical results are shown in figure 6. 
 
Figure 6 Numerical results of the simple compressive test 
 
As expected, the elastic behavior of the sample is developed until 
 100 =cσ MPa. Beyond this 
point, the material behaves inelastically, so that micro cracks are assumed to appear. The yield 
point is reached at a stress of 20=cuσ MPa. 
2.2.2.3 Cyclic Test 
In order to observe the damaged behavior of the model, a cyclic test is carried out. The sample 
is now subjected to positive displacements imposed on its upper face, followed by negative 
displacements, once the tensile yield tension has been reached. Due to the lack of data, the 
description of the damage behavior, specified in tables 3 and 4, is based on recommendations 
given by Abaqus manual for brittle materials.  
Table 3 Compressive damaged behavior 
 
dc Strain 
0 0 
0.5 0.0027 
0.97 0.1 
Table 4 Tensile damaged behavior 
 
dt Strain 
0 0 
0.9 0.1 
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In figure 7 stress-strain evolution in the tensile-compressive cyclic test are shown. The material 
behaves as in the simple tensile test, it reaches yield tensile stress at the expected value of 
strain and softens. Once negative displacements are applied, strains decrease. Irrecoverable 
plastic strains lead to a translation of the compressive behavior observed in the simple 
compressive test. Moreover, elastic modulus is now degraded due to tensile damage so that 
stiffness degradation occurs. The behavior under compression proceeds as expected, so that 
compressive yield is reached for a stress of 20 MPa. 
 
Figure 7 Numerical results of the cyclic test 
2.2.2.4 Three Point Bending Test 
Three point bending test studies the behavior of a prismatic sample under bending. The test is 
modeled by using two fixed supports which allow the sample to move along its axis and by 
applying a vertical displacement in the middle of its upper face. A simulation of the test is 
made by using a prismatic element with the same dimensions (220x40x40 mm
3
) as in the 
experiment. In order to adjust the tensile cracking behavior, about which there are no 
experimental data, the numerical result force-displacement curve is adjusted to the 
experimental results by modifying the tensile cracking stress - strain curve.  
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Both the stress - cracking strain and fracture energy (by means of the cracking displacement) 
descriptions of the tensile softening behavior are implemented and compared in order to 
investigate their applicability to the particular problem. 
2.2.2.4.1 Stress-cracking strain description 
A first approach of stress-strain curve based on Abaqus manual recommendations is assumed. 
In order to simplify the analysis, the linear softening behavior, shown in table 5, is initially 
used. 
Table 5 Stress-cracking strain description 
 
Cracking stress 
(MPa) 
Strain 
2 0 
0 0.025 
 
The result obtained in the three point bending test can be expressed in terms of reaction 
force-mid displacement relationship. The curve of figure 9 shows a comparison between the 
numerical results and the experimental ones. 
 
Figure 9 Comparison between experimental data and numerical results of the three point bending test 
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Figure 8 Prismatic sample (220x40x40 mm
3
). 
Length between simple supports: 200 mm.  
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The difference between peak reaction forces is 7%. The numerical model is overestimating the 
real resistance of the material. Moreover, beyond this point the reaction force of the 
numerical model keeps being greater than the experimental values for the same 
displacements. This fact may be a consequence of the lack of accuracy in the description of the 
behavior. By using a stress-plastic strain curve defined with more points, a better result can be 
achieved. Nevertheless, it is observed that sharper stress-strain curves give severe instability in 
the calculations, which does not let the numerical experiment to be finished.  
According to a study of Abaqus Benchmark manual [17], stress – cracking strain description can 
lead to mesh sensitivity when no reinforcement is used. In consequence, the finite element 
predictions do not converge to a unique solution as the mesh is refined because mesh 
refinement leads to narrower crack bands. This problem typically occurs if cracking failure 
occurs only at localized regions in the structure and mesh refinement does not lead to the 
formation of additional cracks. Generally, more tension stiffening makes it easier to obtain 
numerical solutions and too little tension stiffening causes local cracking failure, which 
introduces unstable behavior of the model. 
Moreover, where bending appears, a great ultimate tensile strain is numerically needed to be 
described in order to let the model run when the elements subjected to compression have not 
reached the yield stress but the tensed ones already have. Contrarily, the analysis and 
comprehension of the results are easier to understand when this description is used, because 
the results can be compared to the data by means of the stress-strain relationship. 
Cracks are supposed to appear in the moment in which the most tensed fiber reaches the 
value of the peak tensile resistance (2 GPa). If the vertical displacement increases, the stresses 
in the compressed fiber keep increasing but not on the tensed fibers, where the cracks have 
theoretically appeared. 
 
 
 
 
 
 
 Figure 10 Crack propagation in the three point bending test 
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Cracks follow the normal direction of the maximum plastic strain. In figure 11 the maximum 
tensed fiber in the three point bending test is shown, so that the direction of cracking can be 
derived. 
 
 
 
 
 
 
 
 
2.2.2.4.2 Stress-cracking displacement description 
A curve-fitting procedure is performed in order to adjust the numerical results of the three 
point bending test to the experimental ones. Different tensile stress – cracking displacement 
curves are used (figure 11).  
 
 
Figure 12 Stress - cracking displacement descriptions used in the curve-fitting procedure 
The results in terms of force–displacement curve at each attempt are compared to the 
experimental one, and proper modifications on the inputted curve are done. In figure 13 it is 
shown that the tensile stress - cracking displacement description that lead to the best results 
are 6 and 7.  
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Figure 8 Cracking propagation direction in 
the three point bending test 
Figure 11 Cracking propagation direction in the 
three point bending test 
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Figure 13 Three point bending test results in the curve-fitting procedure 
 
Both 6 and 7 descriptions have instability problems, so that the time of calculation is much 
greater than in the other cases. Nevertheless, the approach 6 needs less iterations to complete 
than approach 7. In the table 6, there is data corresponding to approach 6.  
Table 6 Tensile cracking behavior 
 
Tensile cracking behavior 
Cracking displacement (mm) Yield stress (N/m
2
) 
0 1410000 
0.066 69398 
0.123 35573 
0.173 20176 
0.221 12295 
0.265 8241 
0.308 5525 
0.351 3703 
0.394 2482 
0.438 1664 
0.482 630 
 
In order to avoid numerical problems and to reduce the calculation time, stress-strain tensile-
cracking description is used, so that the values implemented for the description of the 
unreinforced masonry wall model are the corresponding to tables 1 and 3 and the damage 
values of tables 4 and 5. 
 
0
200
400
600
800
1000
1200
F
o
rc
e
  F
 (
N
)
Displacement d (m)
Numerical 1
Experimental
Numerical 2
Numerical 4
Numerical 3
Numerical 5
Numerical 6
Numerical 7
Numerical analysis of the out-of-plane behavior of unreinforced masonry walls 
 
 
29 
 
3. Process for the non-linear analysis of URMW 
In this section, the procedure followed in all the numerical simulations done in this thesis is 
specified in a general way.  
3.1. Solution technique  
In non-linear problems, the objective is to obtain a convergent solution at a minimum cost. For 
this purpose, the problem history is divided into steps, which correspond to any convenient 
phase of the experiment, for example, it is a change of the load or displacement’s magnitude. 
By using automatic control, the step, the tolerances and error measures can be defined by the 
user, but the increment size is chosen by the program depending on the response of the model 
in the step. This technique is known as adaptive load-stepping.  
3.1.1. Finite element formulation 
The finite element models generated in the concerning study are nonlinear and involve a large 
amount of variables. In terms of these variables the equilibrium equations obtained by 
discretizing the virtual work equation can be written symbolically as: 
( ) 0=MN uF  (18) 
where F
N
 is the force component conjugate to the N
th
 variable in the problem and u
M
 is the 
value of the M
th
 variable. The basic problem is to solve equation 18 for the u
M
 throughout the 
history of interest.  
Newton’s method is used as a numerical technique for solving the nonlinear equilibrium 
equations, due to its convergence rate compared to the convergence rates exhibited by 
alternate methods (such as modified Newton or quasi-Newton methods). Newton’s method  
can be formally described as follows.  
Assume that, after an iteration i, an approximation ui
M
, to the solution has been obtained. Let 
ci+1
M
 be the difference between this solution and the exact solution to the discrete equilibrium 
equation. This means that: 
( ) 01 =+ + MiMiN cuF  (19) 
expanding the left-hand side of this equation in Taylor series about the approximate solution 
ui
M
, 
( ) ( ) ( ) 0...1121 =+++ +++ QiPiMiQP NPiMiPNMiN ccuuu FcuuFuF δδδδδ  (20) 
If ui
M
 is a close approximation to the solution, the magnitude of each ci+1
M
 will be small, and so 
all but the first two terms above can be neglected giving a linear system of equations: 
N
i
P
i
NP
i FcK −=+1  (21) 
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where 
( )MiP
N
NP
i u
u
F
K
δ
δ
=  (22) 
is the Jacobian matrix and 
( )MiNNi uFF =  (23) 
the next approximation to the solution is then 
M
i
M
i
M
i cuu 11 ++ +=  (24) 
and the iteration continues. 
Convergence of Newton’s method is best measured by ensuring that all entries in Fi
N
 and all 
entries in ci+1
N
 are sufficiently small. Both these criteria are checked by default by the program 
in the solution. 
3.1.2. Method of modeling 
Static general analysis procedure 
Static general analysis is used. In this non-linear analysis type inertia effects are neglected and 
time-dependent material effects are ignored. Automatic stabilization method (by default with 
dissipated energy fraction equal to 2.0E-4) is used, so that local instabilities are stabilized by 
applying damping throughout the model.   
Incrementation in the steps 
The time increments are chosen automatically by the program depending on the 
computational efficiency. The maximum number of increments is, in the majority of the steps, 
100, so that the analysis stops if this maximum is exceeded before arriving to the complete 
solution for the step. The minimum increment is usually set to 1E-7, and if the program needs 
a smaller time increment, it terminates the analysis.  
Equation solver method 
A direct equation solver is implemented and the matrix storage of the solution scheme is 
unsymmetric, according to the requirements of the material properties of the model Concrete 
damaged plasticity.  
Element Type 
Three dimensional linear and hexahedral solid elements are used in the discretization of the 
model. The element type C3D8R (8 node linear brick with reduced integration and hourglass 
control) is used in all the models. The corresponding element controls are summarized in table 
7. 
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Table 7 General analysis options 
 
Reduced integration No hybrid formulation, no incompatible modes 
Hourglass stiffness By default: an additional artificial stiffness is added to the 
element 
Viscosity By default, a small value for viscosity parameter is used to 
improve the rate of convergence of the model in the 
softening regime without compromising results. 
Kinematic split Average strain 
Second-order accuracy No 
Distortion control By default. It prevents the elements form exceeding the 
deformation ratio 
Element deletion and 
maximum degradation 
By default, the elements where the failure criterion is 
locally reached, are removed from the calculation 
3.2. Analysis process 
The following flow diagram shows the steps undertaken during the analysis. 
Figure 14 Analysis steps 
3.2.1. Pre-processing – Abaqus/CAE 
The steps followed to create the numerical models with Abaqus/CAE are listed below:  
1. Create basic elements by describing their geometrical properties. 
a. Macro model: homogeneous masonry wall and concrete frame. 
b. Detailed model: bricks and concrete frame. 
2. Create material properties for the bricks or homogeneous wall (Calcium silicate and 
concrete) 
3. Create the assembly of the elements (relative position) and assign them their material 
properties.  
4. In the models in which contact appears: Create contact properties and assign them to 
the different pairs of surfaces in contact. 
5. Create the mesh and select the element type 
6. Create the steps 
7. Create the boundary conditions and loads 
8. Create an output data request 
9. Create a job 
Pre-processing Processing
Post-
processing
Results acceptable 
and solution stable
Plot output results
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3.2.2. Processing 
During the processing phase, the stress-strain states are checked along the analysis in order to 
identify possible problems of convergence during calculations. When they are not acceptable, 
the step size is changed, until the analysis can proceed until its end.  
3.2.3. Post-processing 
The results are taken from the .odb file for each job: load-displacement response of the model 
along the history of the analysis, stress-strain state and maximum plastic strain directions at 
different time points of the analysis. The load is measured as the sum of the reaction forces at 
the nodes in which the boundary conditions are applied and the displacement is measured at 
the most deformed element in each case. The evolution of the stress-strain state gives 
information about the loading distribution along the analysis and the maximum plastic strain 
direction distribution shows the crack formation, thus, the failure mechanism mode.  
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4. Homogeneous Unreinforced Masonry Wall Study 
Masonry is an orthotropic composite structure constituted by bricks and mortar in which 
mortar joints can behave as planes of failure. The average material properties can be derived 
from experimental tests with a composite specimen or from a numerical reproduction of the 
masonry behavior [18, 19]. Nevertheless, masonry structures are composed by a large number 
of units, so its detailed representation can become impractical.  
 
Figure 15 Homogenization technique [19] 
Homogenization technique is used to derive the equivalent material properties and failure 
characteristics for solid brick masonry. Two approaches are possible: to obtain the average 
parameters from experimental tests, which can result expensive and the results are limited to 
the conditions of the experiments, or to derive the composite behavior from a representative 
volume element, which is out of the scope of this thesis. The properties needed for the 
analysis of a homogenized masonry wall can be taken from previous investigations [19].   
Nevertheless, the studied homogenized wall is assumed to be composed of calcium silicate 
only. A further study about the influence of the mortar bonds is carried out in the following 
chapter. Homogenized models require a coarser mesh than micro or detailed models; hence 
numerical solutions are obtained easily. In spite of that, there is a limitation on the minimum 
element size for masonry elements: each element should contain some portion of masonry 
units and mortar, so that the size element cannot be chosen randomly because that could lead 
to an inappropriate post peak behavior [17]. In the case of concern, in which joints are not 
taken into account, the size of the element has no other restriction but numerical 
convergence. 
The scope of the study is to investigate the influences of the parameters that determine the 
configuration of a common masonry wall in its global behavior under out-of-plane solicitations. 
Studied parameters are the aspect ratio of the wall (ratio between height and length), the 
thickness of the wall, the vertical load level and the boundary conditions at four edges.  The 
dimensions of the wall and boundary conditions studied are based on the most commonly 
values used in Germany. Analyses on the fracture mechanism, bearing capacity stress states 
along the experiments are done. 
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4.1. Description of the model
4.1.1. Geometry 
The model is composed by a homogenized masonry wall of 
The wall is supported by concrete 
beams have a thickness of 0.5
study are shown.  
Figure 16 Geometry of walls A, E and I. Wall A has three fixed edges and the top free edge, 
Wall E is totally hin
Two different materials are used in the model. The material “Concrete” is the constituent of 
the wall’s frame. For simplicity, concrete
modulus equal to 32 GPa and Poisson’s ratio equal to 0.3. 
Concrete damaged plasticity material
− Density: 2400 kg/m
3
 
− Elastic range: E=9e9 N/m
− Plastic range: with dilation angle of 36°
Table
 
Compressive plastic behavior
Stress (MPa)
10 
20 
0,1 
When the boundary conditions are prescribed directly on the wall, singularities appear. The 
maximum stresses and strains are concentrated on the
conditions are applied, leading
In order to avoid this effect, shown in figure 17
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length L, height H and thickness t. 
beams, in which the boundary conditions are applied. The 
 m. In figure 16 the geometry of the three cases object of the 
 
ged and Wall I is totally fixed 
 is assumed to behave only elastically with 
Calcium silicate is 
, with the following parameters: 
2
 and v=0.12 
 
 8 Material properties used in the wall models 
 Tensile plastic behavior 
 Strain Stress (MPa) Strain 
0 2 0 
0.0027 0,2 0.1 
0.1   
 elements where
 to a wrong response of the model, in which the edges plastify
, a concrete frame is used. 
 
 
 
elastic 
modeled by the 
 the boundary 
. 
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Figure 17 Plastic strain distribution in absence of concrete frame 
4.1.2. Contact Modeling 
The interaction between the elements involved in the model is defined by using a contact 
formulation provided by Abaqus. The interaction between bodies can be modeled by using 
two formulations: small-sliding, in which surfaces can undergo relatively small sliding but 
arbitrary rotation and finite-sliding, where separation and sliding of finite amplitude and 
arbitrary rotation of the surfaces are allowed. The small-sliding formulation is adopted. 
Possible contact conditions are defined by identifying and pairing potential contact surfaces, in 
which the contact elements are generated automatically. There are two surfaces in the sliding 
interface, the slave, covered by elements, and the master, defined as a slide line composed of 
a series of nodes. In Abaqus/Standard different contact models are available, among them, the 
implemented approaches for normal and tangential contact behaviors are explained next. 
4.1.2.1. Tangential contact 
Two approaches were used initially for modeling the tangential contact between the wall and 
the concrete frame: penalty behavior and rough friction.  
Penalty Friction 
Penalty behavior is a stiffness method that permits some relative motion or elastic slip of the 
surfaces when they should be sticking. While the surfaces are sticking the magnitude of sliding 
is limited to this elastic slip. Abaqus continually adjusts the magnitude of the penalty 
constraint to enforce this condition. Contact between concrete and masonry is defined by an 
isotropic friction coefficient of 0.8, without a shear stress limit and a maximum elastic slip 
defined by the fraction of characteristic surface dimension of 0.005. Some problems emerge 
when this approach is used: the wall slips from the frames depending on the subjecting 
conditions. Due to the lack of confinement, the pressure normal to the surfaces is not large 
enough to ensure the necessary effective friction to prevent the wall from slipping. In order to 
avoid this effect, and instead of using horizontal pressure, the rough friction is chosen.  
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Rough friction 
In order to prevent the wall from loosing contact with the concrete frame, so that the 
boundary conditions can be correctly applied, the rough friction formulation is implemented. 
This formulation specifies an infinite coefficient of friction, in order to prevent the elements 
from slipping regardless of contact pressure. With this formulation, all relative sliding motion 
between two contacting surfaces is prevented as long as the corresponding normal direction 
contact constraints are active.  
In figure 18, deformed shapes of the wall are shown when frictional contact or rough contact 
friction models are used. 
  
Figure 18 Comparison of the deformed shape depending on the contact formulation used:  
tangential friction only (a) and rough friction (b) 
4.1.2.2. Normal contact 
Both concrete and masonry are assumed to be impenetrable rigid bodies. This is modeled by 
the hard contact formulation, which is described next.  
Hard contact 
This model defines contact pressure between two surfaces at a point, p, as a function of the 
overclosure or interpenetration of the surfaces, h. The formulation of the contact is written as: 
Closed  ,  0
Open  ,  0
    0ph
    0hp
⇒>=
⇒<=
 
(25) 
Contact stiffness is, by default, assumed to have a linear behavior. In this model separation of 
contacting surfaces can be allowed or not. Convergence difficulties may arise if a closed 
contact interface with rough friction opens, so hard contact is typically used in conjunction 
with the no separation contact pressure-overclosure relationship. Despite of that, as 
separation between bodies can occur in reality, separation is allowed in the model.  
  
Numerical analysis of the out-of-plane behavior of unreinforced masonry walls 
 
 
37 
 
4.1.4. Out-of-plane load 
Seismic design of masonry buildings can be carried out with different approaches, either 
dynamic time-history analysis or displacement-based quasi-static seismic analysis. In this 
chapter, unreinforced masonry walls are subjected to monotonic out-of-plane solicitations. For 
this purpose, it is appropriate to assume that failure of the wall is induced by out-of-plane 
acceleration. The maximum accelerations produce out-of-plane distributed inertia forces, so 
that in the model, a uniformly distributed out-of-plane pressure is applied in the wall. This 
pressure is increased linearly in each step of the analysis until the wall is forced to bend and 
fail.  
4.2. Wall A 
The first group of walls object of this study are rectangular homogeneous calcium silicate walls 
with three fixed edges and one free edge. The top one is free, thus, without any restriction. 
Five different configurations are defined for the parametrical study. Variations on the aspect 
ratio (H/L), thickness of the wall and vertical load levels are undertaken, while a height of 2.4 
m is maintained constant in all the cases.  
Table 9 Combination for the wall with top free edge 
 
 H/L Thickness 
(m) 
Overpressure 
(MPa) 
A 0.96 0.24 0.1 
Aa 1.92 0.24 0.1 
Ab 0.96 0.175 0.1 
Ac 0.96 0.365 0.1 
Ap 0.96 0.24 0.1 
4.2.1. Results and discussion 
4.2.1.1. Influence of aspect ratio of the wall 
The load-displacement response of the wall is compared for different values of aspect ratio.  
The horizontal load is calculated as a sum of reaction forces at the constrained nodes and the 
maximum displacement is reached by the middle point of the upper edge of the wall. As the 
analysis is force-controlled, when the compressed elements reach the yield stress, the reaction 
force becomes constant while the displacement would increase infinitely. Beyond this point, 
the numerical analysis is stopped. Figure 19 shows the results for cases Aa and Ac. 
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Figure 19 Influence of the aspect ratio 
 
As expected, the wall with a higher aspect ratio (Wall Ac with H/L=1.92), has a greater bearing 
capacity than the wall with a lower ratio (Wall Aa with H/L=0.96). The peak value of the 
reaction force is more than double for a double aspect ratio, while the maximum displacement 
of the most deflected point of the wall is similar.  
4.2.1.2. Influence of thickness of the wall 
Like in the previous case, the load-displacement response of the wall is compared for the most 
typically used thicknesses of brick: 24 cm (Wall A), 17.5 cm (Wall Ab) and 36.5 cm (Wall Ac). 
Assuming that the wall is made by one layer of bricks, its thickness corresponds to the 
thickness of the brick. Results are shown in figure 20. 
 
Figure 20 Influence of thickness 
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As expected, the thickest wall (Ac) has the greatest bearing capacity, which is about 5 times 
greater than the bearing capacity of the other walls. Nevertheless, the deflection of this wall at 
total failure is three times lower than the maximum displacement reached by the most 
deflected point of the other walls.  
The differences between the thicknesses of 17.5 cm and 24 cm are not as important as for the 
case of 36.5 cm. The greater the thickness, the greater the bearing capacity and lower the 
flexibility of the wall.  
4.2.1.3. Influence of vertical load level 
Two different values of vertical pre-compression are compared. Pre-compression is applied as 
a displacement on the upper edge. Typical values of vertical loads in upper floors of buildings 
are used, so that the walls correspond to the less compressed ones, thus, most vulnerable. 
This value typically is 0.1 MPa. The imposed displacement required to obtain this vertical load 
level can be calculated as follows: This level of compression is reached by an imposed 
displacement of: 
E
A
E
Fd ⋅== σ  
(26) 
where d is the vertical displacement on the upper edge, s the vertical pressure, A the section 
of the wall and E the elastic modulus. The effect of two vertical load levels is compared: 0.1 
MPa and 1 MPa.  
 
Figure 21 Influence of vertical load level 
Even though the pre-compression level of the wall Ap is greater than the compression of the 
wall A, the bearing capacity is slightly higher. The evolution of the force-displacement response 
0
500
1000
1500
2000
2500
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35
F
o
rc
e
, 
F
 (
k
N
)
Max. displacement (m)
p=0.1MPa
p=1MPa
Numerical analysis of the out-of-plane behavior of unreinforced masonry walls 
 
 
40 
 
is similar in both cases. A greater difference between the compared walls is expected so 
further studies must be carried out in order to check the values of pressure that lead to 
significantly greater variations on the resistance of the masonry wall. Even though, the 
simplifications and assumptions made in the homogenized model can distort the solution, so 
that the numerical response differs from what has been observed in experimental or more 
accurate models results.   
4.2.1.4. Failure mechanism 
Failure mechanisms of the homogenized masonry wall model can be determined by means of 
the plastic strains formation and direction. The implemented plasticity model does not take 
into account the formation of cracks in its formulation, but cracks appear in the points in which 
the material yields, thus, when plastic strains form. Furthermore, the direction of the cracks 
follows the perpendicular direction of the maximum plastic strains, from where the fracture 
mechanism of the structure can be derived. Although the homogenized model gives reliable 
estimation of global response of the wall, it may not give accurate prediction of crack pattern 
as good as a detailed model, because weak mortar joints would significantly affect the crack 
patterns.  
Several models of ultimate failure of an unreinforced masonry panel have been previously 
developed.  Yield-line, fracture-line and failure-line analyses coincide in the same fracture 
pattern, in which diagonal, horizontal or vertical cracks divide the panel into smaller portions 
as shown in figure 22 [20].  
 
Figure 22 Failure pattern for yield-line, fracture-line and failure-line theories [20] 
 
By using these models, a theoretical fracture mechanism can be developed depending on the 
load and boundary conditions of the wall, assumed to work as a panel. This method is still 
implemented in codes of some countries and can be used as a reference on the assessment of 
fracture mechanisms in general.  
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In order to determine the fracture mechanism and the load flow evolution obtained by the 
numerical model, the direction of the maximum principal plastic strains are analyzed in the 
following images. The plastic strains are shown in the moment when they reach their 
maximum value (3.4E-2) and in the moment when the ultimate strength of the wall is reached.  
 
Figure 23 Plastic strains at ultimate state for wall A 
 
The plastic strains in the compressed, or loaded, side appear in all the cases following two 
vertical parallel lines, which begin in the upper edge. On the other side of the wall, shown in 
figure 23, the plastic strains are concentrated in the middle of the wall following a vertical line 
and diverging through the lower corners. The cracking pattern observed, and consequently, 
the failure mechanisms of the wall coincide with the following one: 
 
Figure 24 Two-way bending cracking pattern [4] 
This failure mechanism is contrasted with experimental tests results found in the literature 
[21]. Although the material used is not the same and taking into account the limitations in the 
accuracy of the results of the model, failure mechanism can be compared to the crack pattern 
produced in this test. A wall with the same boundary conditions and slightly different 
dimensions cracks vertically from midway along its top and diagonally from its two bottom 
corners with the three cracks meeting somewhere near the centre of the wall.  
The evolution of the stress-strain states at different load levels of out-of-plane pressure is 
shown in figures 25 to 27 for one of the combinations. The loaded side of wall Aa is studied, 
and the rest of walls have a similar behavior.  
Numerical analysis of the out-of-plane behavior of unreinforced masonry walls 
 
 
42 
 
  
Figure 25 Stress distribution at steps 1 (a) and 4 (b) 
At an initial state of the analysis, the studied side of the wall predominantly carries out 
compressive stresses, which are supported by the lower half of the wall. 
  
Figure 26 Stress distribution at steps 6 (a) and 12 (b) 
As the analysis progresses, the higher compressive stresses are concentrated on the middle 
part of the wall, as well as propagated upwards.  
  
Figure 27 Stress distribution at steps 13 (a) and 14 (b) 
At the end of the analysis, tensile yield stress is reached in some parts of the unloaded side of 
the wall, while compressive crushing is to be achieved. At this point, the maximum 
compressive stresses are concentrated in a vertical line situated at the middle of the wall. 
4.3. Walls E and I 
Walls E and I have respectively the same boundary conditions in their four edges. The initial 
state of pre-compression is introduced by means of an increment on a temperature field. In 
the following part, the introduction of this tensional state is analyzed.  
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4.3.1. Confinement of the wall 
In order to obtain the tensional state comparable to the tensional state produced by a vertical 
pressure of 0.1 MPa, an increment of temperature is introduced in the model. Thermal 
expansion is a material property defined by α, which is the coefficient of thermal expansion for 
a reference temperature. It generates thermal strains due to the difference between the 
current temperature and the reference temperature. The expansion coefficient α for masonry 
is 4e-6 °C
-1
 at 20 °C. Thermal expansion law is described by: 
∆ =  ·  · ∆ (27) 
where L0 is the initial length of the element, α is the coefficient of thermal expansion, ΔT is the 
increment of temperature and ΔL, the expansion.  
The stresses produced by the increment of temperature in the wall, which is not free to 
expand, are: 
TT E εσ ∆=  (28) 
where the thermal strains are defined by: 
TT ∆=αε  (29) 
The latter leads to: 
C 8.2
MPa 109104
MPa 1,0
36 °=
⋅×⋅
=∆⇒∆−=
−
TTET ασ  
(30) 
Thus, theoretically, the expansion generated by an increment 2.8 °C produces the same 
tensional state than a compression of 0.1 MPa. It is worth to notice that the roof load leads to 
a state of tension predominantly in the axial direction but the thermal expansion produces a 
more homogeneous state of tensions. This effect can be seen in Figure 28.  
  
Figure 28 Comparison between stresses due to displacement and increment of temperature 
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4.3.2. Wall E 
Group of walls E are a set of models in which the boundary conditions in the four edges are 
hinged. That means that their rotation is allowed but displacements are constrained in the four 
edges. Four different configurations are compared. Variations on the aspect ratio and 
thickness of the wall are made. A height of 2.4 m is constant in the four cases and the 
combinations studied are shown in table 10.  
4.3.2.1. Combination 
Table 10 Totally hinged wall combinations 
 
 h/l Thickness (m) Pre compression (MPa) 
E 0.96 0.24 0.1 
Ea 1.92 0.24 0.1 
Eb 0.96 0.175 0.1 
Ec 0.96 0.365 0.1 
 
4.3.2.2. Results and discussion 
As in the previous case, the parametric study is based on the force-displacement curves 
obtained in the numerical analysis.  
4.3.2.2.1. Influence of H/L ratio of the wall  
Figure 26 shows the differences on the response of the models when the aspect ratio is 
increased.  
 
Figure 29 Influence of the aspect ratio in wall E 
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The wall with a higher value of H/L (wall E with H/L=1.92), has initially a greater bearing 
capacity than the wall with a lower ratio (wall Ea with H/L=0.96). Nevertheless, both walls have 
a similar force-displacement response. Both of them reach the failure for the same maximum 
reaction force, while the maximum displacement measured at the midpoint of the wall is 
slightly greater for wall E. When the external force is 0.85 MN, the maximum force supported 
by the wall with lower aspect ratio is slightly greater than the reaction force of the other wall. 
Beyond that point, the reaction force is maintained constant while the maximum displacement 
increases from 5mm to 2.5 cm. In this case, the influence of aspect ratio has not the same 
effect on the behavior of the wall as in the walls A, studied before, so for more restricted 
boundary conditions, this parameter is not as influent on the resistance of the wall.  
4.3.2.2.2. Influence of thickness of the brick 
Like in the previous study, three brick thicknesses are compared: 24 cm, 17.5 cm and 36.5 cm, 
which correspond respectively to walls E, Eb and Ec.  The results can be seen in figure 30. 
 
Figure 30 Influence of thickness in wall E 
As observed in group A, the thickest wall (Ec) has the greatest bearing capacity, 1.95 MN, 
which is about 4 times greater than the bearing capacity of the wall with less thickness (0.55 
MN) and about the double of the medium wall E (0.9 MN). As remarked before, the greater the 
thickness, the greater the bearing capacity and lower the flexibility of the wall.  
The deflection at failure of the different thicknesses is also remarkable. The wall with less 
thickness behaves in a more ductile way, so the maximum deformation reaches a value of 15 
cm, while in the other walls the maximum deformation is 10 and 5 times lesser. This fact is 
related to the failure due to non-convergence of the model so that the strains are too great. 
After the elements that contribute to the resistance of the wall have plastified the 
experimental behavior is supposed to give a decaying force-displacement curve. As the 
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numerical simulation is force-based, when this deformation is reached, the force becomes 
asymptotic.  
An important difference on the behavior of these walls with the walls of group A is how the 
bearing capacity is achieved. While walls of group E reach their bearing capacity with a low 
value of the maximum deformation, compared with the maximum deformation at total yield, 
walls of group A reach it while the deflections increase at a similar rate.  
4.3.2.2.3. Failure mechanism 
Plastic strains in the non-loaded side, where the tensile stresses appear, follow in all cases 
diagonal lines, which appear initially in the corners of the wall and are connected in some 
point near the middle height of the wall. The failure mechanism varies depending on the 
aspect ratio. The wider is the wall, the longer is the horizontal line at the middle height. For the 
wall with lower aspect ratio, the diagonal lines join in the middle of the wall, and the 
horizontal line does not appear. The failure mechanism is shown in figure 31. 
 
  
Figure 31 Plastic strains at ultimate state in wall E at steps 7 and 14 
This failure mechanism is contrasted with experimental tests results [21]. As noticed before, 
the material used is different and the assumptions made on the model can lead to different 
results, but the failure mechanism can be compared to the crack pattern produced in the 
experiments, which show that a wall with the same boundary conditions and slightly different 
dimensions cracks diagonally, with the cracks emanating from each corner towards the center 
(figure 32). More details of the test are given in the validation of the model (section 5.4).  
 
Figure 32 Two-way bending cracking pattern [6] 
The stress state at different stages of the analysis is now analyzed at the non-loaded side of 
the wall. Figure 33 (a) shows the spreading pattern of tensile stresses at an initial stage. The 
maximum tensile stresses are predominantly situated at the corners of the wall, as well as in 
its middle. In a more advanced step (figure 33 (b)) tensions are spread predominantly in 
vertical directions, which show where the tensile plastic strains will firstly appear.  
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Figure 33 Stress state at steps 5 (a) and 8 (b) 
In figure 34 the lasts stress states are shown. Tensile yield stress is reached along the vertical 
line remarked before, while compressive stresses keep increasing in the other side of the wall. 
  
Figure 34 Stress state at steps 11 (a) and 14 (b) 
 
The tensional state of the most stressed point, which is situated in the middle of the wall, is 
the first that reaches tension yield stress. As figure 35 shows, plastic strains increase beyond 
this state is reached while stresses do not increase. The surrounding points develop a similar 
behavior, so that plastic strains are spread and the fracture mechanism is formed.   
 
Figure 35 Stress-plastic strain in the most tensed point 
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4.3.3. Wall I 
Walls of group I are a set of models in which the boundary conditions in the four edges are 
fixed. That means that rotation and displacements are constrained in all directions. Four 
different configurations are compared as in the previous cases (table 11).  
4.3.3.1. Combination 
Table 11 Combination of walls for BC I 
 
 H/L Thickness (m) Pre compression (MPa) 
I 0,96 0,24 0,1 
Ia 1,92 0,24 0,1 
Ib 0,96 0,175 0,1 
Ic 0,96 0,365 0,1 
4.3.3.2. Results 
Force-displacement curves, stress states and plastic strains are studied for the different 
configurations.  
4.3.3.2.1. Influence of aspect ratio of the wall 
Influence of aspect ratio in the behavior of the wall is studied by the results obtained and 
shown in figure 36.  
 
Figure 36 Influence of the aspect ratio in wall I 
The wall with a higher aspect ratio (Ia with H/L=1.9) has a greater bearing capacity (maximum 
force supported by the wall) (23 MN) than wall I, with a lower ratio H/L=0.9 (14 MN). The 
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maximum displacement, measured at the midpoint of the wall, in which the wall is completely 
yielded, is comparably greater for the wider wall. While the wider wall deflects up to 4.5 cm 
the other deflects less than 2.5 cm. As expected, a narrower wall can resist a greater out-of-
plane pressure.  
4.3.3.2.2. Influence of thickness of the brick 
In figure 36 the influence of changes in the thickness of the wall is studied. 
 
Figure 37 Influence of thickness in wall I 
The thickest wall (Ic) has the greatest bearing capacity, 30 MN, which is about the triple value 
than the bearing capacity of the wall with less thickness (10 MN) and more than the double of 
the medium wall E (15 MN). As in the cases studied before, the greater the thickness, the 
greater the bearing capacity and lower the flexibility of the wall.  
The deflection at failure of the different thicknesses is also remarkable. The wall with less 
thickness behaves more flexibly, so the maximum deformation reaches a value of 14 cm, while 
in the other walls the maximum deformation is 7 and 4 times lesser.   
4.3.3.2.3. Failure mechanism 
The failure mechanism for the totally fixed wall is similar to the failure mechanism obtained in 
the hinged wall. By observing the direction of the maximum plastic strains in the non-loaded 
side (figure 38), the mechanism of failure is derived. Once again, the maximum plastic strains 
follow in all the cases diagonal lines; nevertheless, they appear initially on the edges of the 
wall, where the boundary conditions are transmitted by the frame (figure 38 a). Once the 
edges of the wall have plastified, the stresses are concentrated on the centre of the wall; 
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hence the fracture lines are propagated from the central point to the corners, following 
diagonal lines.  
 
  
Figure 38 Plastic strains at initial state (a) and ultimate state (b) on wall I  
The failure mechanism slightly differs depending on the aspect ratio. It is observed that the 
wider is the wall in relation to the height, the more homogeneously are propagated the yield 
lines to the corners. For the wall with lower aspect ratio, a vertical line of yielded elements 
initially appears. 
Figures 39 to 41 show the stress in the Y direction (horizontal direction) of the loaded side of 
the wall at different steps of the analysis.  
  
Figure 39 Stress states at steps 1 (a) and 8 (b) 
In the initial steps (figure 39) the external load mainly creates compressive stresses in the 
middle part of the wall, while some tensile stresses appear on the middle of its upper edge.  
  
Figure 40 Stress state at steps 15 (a) and 20 (b) 
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In a more advanced state of the analysis, a smaller area situated in the middle of the wall is 
committed to bear the compressive stresses produced by the out-of-plane load, while the 
tensile stresses keep increasing in the lower and upper edges. At this stage, tensile stresses 
almost reach yield stress, so plastic strains start to form. 
  
Figure 41 Stress state at steps 25 (a) and 34 (b) 
In a final stage of the analysis, represented in figure 41, tensile yield stress is spread along the 
four edges, while the compressed part begins to plastify. At failure (figure 41 b), yield 
compressive stresses are propagated in the surrounding points predominantly following 
horizontal direction.  
Moreover, stress-plastic strain state developed in the point situated in the middle of the wall, 
which is subjected to the greatest strains and stresses, is represented on figures 42 and 43. On 
one hand, the point situated on the compressed side develops plastic strains when a 
compressive stress of 15 MPa is reached, so that compressive yielding is not achieved. Beyond 
this point, stresses increase, as well as plastic strain do, until yielding is overcome.  
 
Figure 42 Stress-plastic strain curve in the most compressed point of wall 
On the other hand, the stress-plastic strain state at the opposite side of the wall, is subjected 
to tensile stresses, so that plastic strains approximately appear for stresses about 2 MPa. 
Beyond the tensile yield stress, plastic strains increase but not stresses.  
-35
-30
-25
-20
-15
-10
-5
0
-0,005 -0,004 -0,003 -0,002 -0,001 0
S
tr
e
ss
 S
2
2
 (
M
P
a
)
Plastic strain
Numerical analysis of the out-of-plane behavior of unreinforced masonry walls 
 
 
52 
 
 
Figure 43 Stress - Plastic strain curve in the most tensed point 
4.3.4. Overall comparison: influence of the boundary conditions 
In Figure 44, the influence of the boundary conditions is analyzed for each of the previously 
studied cases with dimensions of table 12. 
Table 12 Wall properties for the influence of boundary conditions 
 
H/L Thickness (m) Pre compression (MPa) 
0.96 0.24 0.1 
As a reminder, wall A has three fixed edges and the upper edge free, wall I is totally fixed and 
wall E is totally hinged.  
 
Figure 44 Influence of the boundary conditions 
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Different boundary conditions lead to notably different load-displacement response. The 
fewer degrees of freedom has the wall, the greater bearing capacity is expected. Totally fixed 
boundary conditions lead to a peak value of the force of 14 MN, reached for a maximum 
displacement of 4cm. Wall A, fixed and with a free edge, has a bearing capacity of almost 3 
MN, while wall E, which their edges are hinged, of 0.3 MN. It is worth to notice that fixed 
boundary conditions increase considerably the bearing capacity, as well as that the flexibility of 
the wall is reduced.  
4.4. Conclusions 
Although the model used for the acquisition of these results is a homogenized model and the 
influence of the mortar is not taken into account, it is sensible to compare different results 
because they are obtained by taking the same assumptions.  
The most important assumption is that the wall acts as a uniform slab, which does not take 
into account the presence of joints, and thus, the weak lines of failure.  
The walls fail when the material is plastified and reaches the yield tensions in some points, 
which are assumed to be the failure lines. It is worth to notice that the same model can be 
improved by considering the presence of mortar and by validating it with experimental results.  
• Vertical load level: although for the pre-compression levels studied a significant 
difference between the results cannot be appreciated, a greater compression must 
lead to a greater bearing capacity of the structure. This is explained by the 
confinement caused by a vertical pressure when the vertical edges of the wall are 
constrained on the orthogonal direction. As experimental experiences suggest, it is 
expected a major difference between the results. The assumptions made on the model 
may lead to homogenize the response of the walls under different values of vertical 
load levels.  
 
• Aspect ratio: the influence of this parameter is significant. It has been observed that 
the greater the parameter H/L is, the greater the resistance of the wall. Thus, it is 
recommended to construct narrower walls, or in the cases, in which it is not possible, 
create the appropriate load path, by using columns or I-shaped beams. 
 
• Boundary conditions: as fixed boundary conditions lead to a greater bearing capacity, 
this option is recommended.  
 
• Thickness: it is observed that the thicker the wall is, the greater is its bearing capacity 
but lesser its deflection at failure. Thus, it is preferable to use thicker bricks.  
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4.5. Different meshing sch
A convergence test on the influence of element size is done in order to study 
computational accuracy of the model. Three different meshes are 
them using eight-node linear hexahedral solid elements of type C3D8R
Table 13 Characteristics of the mesh
 
 
Coarse mesh
Medium mesh
Fine mesh 
 
 
 
Figure 45 Coarse, medium and fine
 
The results obtained for a wall under the same subjecting and loading conditions and the 
meshes shown above are compared in terms of the for
Moreover, the committed error on the numeri
model is behaving in the face of refinement of the mesh. 
Figure 46 Comparison of the results for meshes shown in figure 4
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The accuracy of the obtained results is measured by the relative error in some points of the 
analysis, as follows:  
100
*
*
⋅
−
=
u
uuEr  (31) 
Where u* is the solution of the best approach (solution obtained with the fine mesh) and u, 
the numerical solution being compared.  
The relative error committed in the model with the coarse mesh and the medium mesh is 
calculated at some points of the displacement. In figure 47, the committed errors are shown. 
The criteria followed to determine when a mesh is considered good enough, is that the relative 
error is less than 5%.  
 
Figure 47 Relative error committed with coarse and medium meshes analyses 
While the coarse mesh leads to an average relative error of 12%, by using the medium mesh, 
the average relative error is reduced to 1.6%. With this error, the model with medium mesh, 
which has been used until now, is considered a good model for the acquisition of the results.  
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5. Detailed Unreinforced Masonry Wall 
A detailed model of masonry wall needs to be done. Failure of masonry walls can occur in the 
bricks, in the mortar or in their interface. Cracking and crushing may occur in the brick and/or 
in the mortar interface, and two failure modes are possible: tensile failure, which leads to joint 
opening, and shear failures in the out-of-plane direction, which produces joint sliding with 
friction. Although the large number of advantages of the homogeneous model, such as much 
less calculation time, these mechanisms of failure cannot be predicted.  
A parametric investigation similar to the previous one is done. A study of the influence of the 
thickness of the bricks, the aspect ratio and boundary conditions is carried out, as well as a 
study of mortar model formulation under out-of-plane loading. 
One of the most important aspects in a detailed description of a masonry wall is the 
interaction between its elements (i.e. the bricks) which in reality is determined by the 
properties of the mortar. Mortar is usually a mixture of cement, lime and sand in different 
proportions. The properties of mortar determine the strength of the joints between bricks and 
they can be modeled with different properties for bed and head joints. 
The option of defining contact between bricks instead of making a micro model, in which the 
mortar would also be constituted by finite elements, is taken. The thickness of the mortar 
layers is considered small compared to the dimensions of the bricks. This assumption leads to 
the problem of how the contact must be defined. In Abaqus several contact models between 
surfaces can be defined. Previous to the detailed masonry wall development, an investigation 
of the different contact formulations is carried out by implementing different contact models 
between two bricks (by means of shear and traction tests) and then, it is translated to a wall 
sample composed by a few number of bricks.  
5.1. Preliminary study of contact between bricks 
Abaqus/Standard provides two formulations for modeling the interaction between two 
deformable bodies: small-sliding formulation, in which the contacting surfaces can undergo 
only relatively small sliding relative to each other but arbitrary rotation of the surfaces is 
permitted and finite-sliding formulation where separation and sliding of finite amplitude and 
arbitrary rotation of the surfaces are allowed. To define a sliding interface between two 
surfaces, one of the surfaces (the slave one) is covered by elements, and the other (the master 
surface) is defined as a slide line surface composed of a series of nodes.  
5.1.1.1. Tangential contact behavior: friction model 
Shear and normal forces are transmitted between surfaces in contact across their interface. 
The relationship between the stresses produced are described by a friction model, in 
particular, a classical isotropic Coulomb formulation is used. The surfaces can carry shear 
stresses up to a certain magnitude across their interface before they start sliding relatively.  
This critical shear stress is defined as a fraction of the contact pressure between the surfaces: 
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pcrit ·µτ =  (32) 
μ is the coefficient of friction, which is assumed to be the same in all directions (isotropic).  For 
a three dimensional model there are two orthogonal components of shear stress (t1 and t2), 
which act in the slip directions for the contact surfaces. These two shear stress components 
are combined into an equivalent shear stress for the slip (relative displacement between 
surfaces) calculations: 
2
2
2
1 τττ +=  
(16) 
The two slip velocity components are also combined into an equivalent slip rate (or slip 
velocity). This parameter is used to describe a dynamic evolution of the elastic medium 
friction: 
2
2
2
1 γγγ &&& +=eq  (33) 
The slip calculations define a surface in the contact pressure shear stress space along which a 
point transitions from sticking to slipping. The frictional behavior is defined as a function of the 
equivalent slip rate and contact pressure. The friction coefficient can be defined as slip rate 
dependent, as well as depend on contact pressure, temperature and other field variables:  
( )αθγµµ fpeq ,,,&=  (34) 
It is also possible to specify a shear stress limit, so that sliding will occur if the magnitude of the 
equivalent shear stress reaches this value. This limit is introduced when the contact pressure 
stress may become very large, causing the Coulomb theory to provide a critical shear stress at 
the interface that exceeds the yield stress in the material beneath the contact surface. A 
reasonable upper estimate for τmax is: 
3max
yστ =  (35) 
where yσ is the Mises yield stress of the material adjacent to the surface.  
Experimental data 
For the first model, the friction coefficient of the contact between bricks is based on the 
frictional properties of mortar. Incremental slip occurs, so µ can be appropriately described as 
elastic slip-rate dependent value, in which initially the slip velocity is zero because of the 
cohesion. In order to derive the needed parameters, the data obtained in experimental studies 
[4] are used. These experimental tests consist on cyclic shear tests made on a masonry unit 
(composed by two bricks with mortar in between) in which the shear stresses - relative shear 
displacements relationship is obtained, as well as the relationship between normal and 
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tangential stresses. It is important to remark that there is a large range of mortar types and its 
properties should be defined depending on the constructive procedure used. 
  
Figure 48 Load and unload shear tests versus horizontal shear displacement under a normal compression of 0.1 
MPa and ultimate shear strength versus compressive stress [22] 
The slip-rate-dependent values of the friction coefficient are related approximately to these 
experimental results and due to the lack of slip-rate dependent frictional behavior data, this 
relationship is adapted from examples found in the literature [14]. 
Table 14 Slip- rate dependent data for the friction coefficient 
 
s τ μ Slip-rate 
0 0   
0.1e-7 1.9e6 150 0 
1.5e-6 3.1e6 0.8 1 
With this assumption, the mortar joint is supposed to have the behavior shown in figure 49. 
 
Figure 49 Expected tangential behavior 
Tangential contact can be also defined only by the dynamic coefficient of friction. This option is 
also considered and compared to the previous one.  
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5.1.1.2. Normal contact behavior 
Normal contact behavior is modeled by a pressure-overclosure relationship. A hard contact 
model, explained in chapter 4, in which separation of surfaces is allowed, is used. Additionally, 
a cohesive model is used in order to reproduce mortar properties with more accuracy. The 
formulation of this contact model is explained as follows.  
Cohesive model 
Cohesive behavior is described by a traction-separation law between surfaces. To simulate the 
behavior of mortar, cohesion is restricted in the model to surface regions that are initially in 
contact, so the new contacts that occur during the analysis do not experience cohesive forces.  
The model assumes a linear elastic traction-separation law prior to damage and failure of the 
bond is characterized by progressive degradation of the cohesive stiffness, derived from a 
damage process. Abaqus enforces this contact behavior only for node-to-surface interactions. 
That means that each contact interaction must be defined by assigning a slave surface to a 
master surface while a master surface can interact with several slave surfaces.  
Interaction of traction-separation behavior to surface-based cohesive behavior 
In the normal direction of the surfaces in contact, the pressure-overclosure relationship 
governing the compressive behavior does not interact with the cohesive one, since the first 
relationship describes the contact only when the surfaces are closed, and the cohesive 
behavior contributes if the surface is opened.  
In the shear direction, the cohesive model is active and the friction model is dormant and the 
tangential slips are assumed to be elastic and resisted by the cohesive bond, producing shear 
forces. Once the cohesive behavior is damaged, the friction model activates and contributes to 
the shear stresses in proportion to the degradation of the elastic stiffness coefficient. When 
the cohesive behavior is completely damaged, the shear strength belongs only to the friction 
model. 
Linear elastic traction separation behavior 
The model assumes initially linear elastic behavior followed by the initiation and evolution of 
damage. The elastic constitutive matrix that relates the normal and shear stresses to the 
normal and shear separations across the interface defines the model as: 
δ
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where t is the nominal traction stress vector and δ, the corresponding separations. N stands 
for the normal direction and s and t for the in plane principal directions. 
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Uncoupled traction-separation behavior is used, thus, the stiffness coefficients are defined in 
each direction by using the data of table 15. 
Table 15 Stiffness coefficients 
 
Stiffness coefficients 
Knn 3 MPa/mm 
Ktt=Kss 1 MPa/mm 
These values of stiffness are derived from the maximum values of traction in each direction, 
which correspond to the cohesion in both t and s directions and tensile strength in the normal 
direction of the surface. For mortar, tensile strength is assumed to be 0.1 MPa.  
Cohesion damage  
The degradation of failure of the bond is simulated by means of a damage initiation criterion 
and a damage evolution law. When the damage evolution law is not specified, the damage 
initiation criterion is evaluated for output purposes only.  
 
Figure 50 Typical traction-separation response in the cohesive model [14] 
The beginning of the degradation of the cohesive response is assumed to happen when the 
maximum stress criterion is accomplished: 
1,,max 000 =
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 (37) 
where the peak values of the contact stress are taken as t
0
n=0.1 MPa, t
0
s=1.8 MPa and t
0
t=1.8 
MPa. Apart from the formulations of the damage and the damage initiation criterion used, 
there are other options.  
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5.1.2. Numerical simulations 
5.1.2.1. Two-bricks shear test 
In a first approach, cohesive behavior is not taken into account and three contact models are 
compared. The hard pressure-overclosure normal contact is combined with three tangential 
formulations: uniform tangential frictional model with μ=0.8, a frictional model with slip-
dependent friction coefficient (with data specified in table 14) and a slip rate dependent 
frictional model in which a tangential stress limit is defined.  
The analysis is made by means of a simulation of the simple shear test in which two bricks are 
joined by their biggest face, and the brick on the top is pushed on its axial direction while the 
other one is fixed on its lower face. As in the experimental test, a normal compression of 0.1 
MPa is applied in the top face of the upper brick.  
The effect of the contact modeling is studied by means of the force-relative displacement 
curve, which is shown in figure 52. The force is calculated as the sum of the reaction forces in 
the horizontal (axial) direction on the nodes of the subjected face, and the displacement is 
measured on the upper brick.  
 
Figure 51 Influence of the contact formulation in the simple shear test 
 
While in the isotropic frictional model the bricks slide from the beginning of the analysis 
without frictional resistance, the model with slip-dependent rate data seems to have initially a 
greater frictional resistance. The purpose is to simulate a cohesive behavior by giving a large 
coefficient of friction for a slip-rate equal to 0 (no differential slip occurs) followed by the real 
coefficient of friction for positive slip velocities. Nevertheless, for numerical reasons, a smooth 
coefficient of friction – slip rate curve must be described, so the real behavior cannot be 
achieved by this description. The results when a tangential tension limit is specified show that 
the analysis is stopped when this tangential stress is reached in some points. When this value 
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is reached, the surfaces should slide freely, as if the coefficient of friction was equal to zero. 
Summarizing, the action of mortar cannot be precisely defined only by using hard and 
frictional models, so cohesive properties must be implemented.  
Cohesive contact properties are added to the model without defining a damage law. The same 
analysis is carried out, so that shear-relative displacement relationship is obtained. Moreover, 
a traction test is also done with the purpose of obtaining the traction–relative displacement 
curve (figure 52 b). On the other hand, the normal hard contact relationship is modified in 
order to allow the surfaces to transmit tensile contact pressures up to a value of 0.1MPa 
before they separate. If this pressure is exceeded at a node, the status of the contact is 
changed. This contact option is useful where negative pressure values (surface cohesion) may 
be allowed physically and also, to overcome numerical problems in difficult contact 
simulations and to avoid excessive iterations.  
  
Figure 52 Shear-relative displacement and traction-separation displacement response of the model 
 
In one hand, the shear-displacement relationship shows a shear limit beyond which relative 
displacement in the tangential directions is allowed. If the shear stress is lower than this value, 
relative movement is not produced. That limit is due to the cohesion of the Coulomb’s 
frictional model. As the shear-relative displacement depends on the normal compression 
applied to the bricks, it is difficult to compare to the available experimental tests. In the other 
hand, the traction-separation curve shows the traction forces induced while one brick is 
separated from the fixed one in the normal direction of the surfaces in contact. As expected, 
the relative displacement is nearly zero until the tensile strength is overcome. Beyond this 
point, displacements increases while the traction decreases and for further displacements, 
there is no opposition to movement.  
5.1.2.2. Contact study with a wall sample 
The study of the contact is now extended to a wall sample, constituted by ten brick layers and 
a width corresponding to two bricks. The analysis consists on a simply supported wall 
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subjected to out-of-plane pressure, under a vertical load of 0.1 MPa. The size of the calcium 
silicate bricks is 0.23x0.07x0.11 m
3
 and the contact formulations used are mentioned. 
Two contact models are compared. A model with contact defined only by penalty frictional 
behavior and hard normal contact is compared to the same model with cohesive contact 
added. The load-displacement response of the model and the stress state at the moment in 
which the peak value is achieved is compared to the same results of a model in which cohesive 
contact is included. The values used for contact modeling are the same as in the previous 
chapter.  
 
Figure 53 Influence of cohesion between bricks on the wall sample 
 
The cohesive model has a slightly higher bearing capacity (0.32 MN and 0.34 MN) than the only 
frictional one. Even though, this peak value is reached for a higher (approximately, the double) 
mid displacement, what means that if the contact has cohesive properties, what is more 
realistic, the wall can resist greater maximum deformations.  
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Tangential frictional and hard normal contact  
In figure 54 the stress state of the wall is shown as a contour in the deformed shape. The last 
image shows the maximum principal plastic strains.  
 
 
Figure 54 Stress states and plastic strains in the wall sample without cohesion 
Since the plastic strains are concentrated on the nodes in which fixed boundary conditions are 
applied, and the bricks situated in the most deflected part are losing their contact, the wall 
fails due to the weakness of mortar. The numerical analysis does not calculate beyond the 
point in which the separation between bricks is too large, so that not enough nodes of the 
slave surface are in contact with the master surface.  
Tangential frictional, hard normal and cohesive contact 
As before, the stress state of the wall is shown as a contour in the deformed shape (Figure 55) 
when cohesion is taken into account. The last image shows the maximum principal plastic 
strain.  
 
 
Figure 55 Stress states and plastic strains in the wall sample with cohesion 
As in the latter case, the bricks in the most deflected part of the wall are losing their contact, 
and the wall fails due to the weakness of mortar. The numerical analysis does not calculate 
beyond the point in which the separation between bricks is too large.  
A study of the different contact formulations is done. Since the behavior of the wall is more 
appropriate when using this formulation, for the detailed masonry wall, the cohesive contact 
behavior should be added to hard normal contact and penalty tangential formulations.  
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5.2. Numerical model of a detailed UMW under
A detailed masonry wall with the same geometrical 
homogenized model is studied
Figure 
Moreover, the contact between bricks is described by using a contact formulation between 
surfaces. The model of the contact properties is studied in 
model, with penalty friction tangential model is implement
5.2.1. Numerical results and discussion
 
 H/L L (m)
A 1.9 2.5 
Aa 0.9 1.25
Ab 1.9 2.5 
Ap 1.9 2.5 
I 1.9 2.5 
5.2.1.1 Non cohesive model
A non cohesive model is developed
isotropic friction coefficient of 0.8. The model is v
horizontal confinement pressure
mm on each side in order to make th
directions effective. 
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and material properties 
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56 Numerical model of the detailed masonry wall 
section 5.1. A hard normal contact 
ed.  
 
 
Table 16 Combinations of the detailed model 
 t (m) Boundary Conditions Compression
(MPa)
0.24 Fixed and free on top  0.1
 0.24 Fixed and free on top  0.1
0.175 Fixed and free on top  0.1
0.24 Fixed and free on top  1.0
0.24 Four edges fixed 0.1
 
 in which contact between bricks is modeled only by a 
ery dependent on the over
 is introduced by means of an imposed displacement of 
e frictional contact in both vertical and horizontal 
 
 
plane loading 
(figure 56) as the 
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Influence of the aspect ratio of the wall 
Following the same procedure as in the homogenized wall, an analysis about the influence of 
the aspect ratio, as well as other parameters, is carried out. The force-maximum displacement 
curves obtained with the numerical model until failure of the wall (reached when the failure 
mechanism is formed, thus, yield is performed in several elements and plastic strain become 
too large to continue with the calculations) are compared for each value of the parameters. 
 
Figure 57 Influence of the aspect ratio in the detailed model 
As expected, the wall with a greater aspect ratio, A, has a lower bearing capacity than wall Aa. 
In this case, the wall Aa fails when the out-of-plane force reaches 5.5 MN, while the wall A fails 
at 3.2 MN. Both of them can resist a similar maximum displacement, between 4 and 6 cm. 
Influence of the thickness of the wall 
 
Figure 58 Influence of the thickness of the wall in the detailed model 
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As happened in the homogenized model, it is shown (figure 58) that walls with higher 
thickness have greater bearing capacity. Wall A, with a thickness of 24 cm, is able to bear 3.25 
MN, while wall Ab, with 17.5 cm of thickness, just 2.2 MN. It is also remarkable that the thin 
wall is more flexible, so yields at a double maximum displacement, which is measured at the 
highest point of the wall.  
Influence of the vertical load level of the wall 
Two different vertical load levels are tested. Pressures of 0.1 MPa and 1 MPa are applied to the 
free edge of wall A. 
 
Figure 59 Influence of the vertical load level in the detailed model 
It is worth to notice that the bearing capacity of the wall with a higher vertical compression is 
greater than in the wall subjected only to 0.1 MPa of vertical load. Walls with higher vertical-
pre compression are expected to perform greater strength capacity, and, in particular, post-
peak strength capacity. That is caused by the increased flexural and frictional resistance of the 
bed joints in the post-cracked state, due to the higher axial stress [12]. Even though, as well as 
in the homogenized model, this increment on the bearing capacity is low. While under a 
compression of 1 MPa, the peak load is 1.75 MN, under 0.1 MPa, the wall can resist up to 1.5 
MN. 
Influence of the boundary conditions 
The behavior of the wall with all its boundary conditions fixed is compared previous one. The 
bearing capacities of the walls as well as their fracture mechanisms are analyzed.  
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Figure 60 Influence of the boundary conditions of the detailed wall 
In figure 60 it is observed that the most restricted wall with all its edges fixed has a greater 
resistance for the same maximum displacement. This fact also happened in the homogenized 
model. For wall I, displacements are measured at central node. While the fixed wall has a 
bearing capacity of 4.5 MN, wall A, with the top free edge, resists 3 MN. Even though, for low 
out-of-plane loadings, the behavior is similar.  
Failure mechanism and stress states of wall A 
Figure 61 shows the stress states of the wall with the top free edge at two stages of the 
analysis. The second picture corresponds to the last step, where yield tensile stresses are 
reached in the upper part of the wall. It can be seen how the bricks are losing their contact. 
 
Figure 61 Stress states of the detailed model A at steps 7 and 9 
Figure 62 shows the stress and plastic strains relationship for the most compressed point of 
the wall, which corresponds to the middle point in the upper edge of the compressed side. In 
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this point, plastic strains appear for a compressive stress in the Y direction, which is 
perpendicular to the out-of-plane load, equal to 3.5 MPa. Beyond this point, compressive 
stress increases approximately linearly with plastic strains up to a value equal to the 
compressive yield stress (20 MPa), reached for a plastic strain equal to 0.0014. At this point, 
the numerical analysis is stopped.  
 
Figure 62 Stress- Plastic strain in the most compressed point 
By observing the maximum plastic strains evolution, shown in figures 63, fracture mechanism 
can be completely defined. In the moment in which plastic strains appear, bricks begin to yield, 
so cracks appear. The fracture mechanism is a combination of failure in the mortar joints, 
acting as a plane of failure and leading to openings in the model, and formation of vertical 
cracks in the middle of the upper bricks.  
 
Figure 63 Plastic strains of wall A at different steps: when they appear,  
at their maximum value and at the last step of the analysis 
In the case of wall Aa with a lower aspect ratio, the fracture mechanism differs from the rest of 
the configurations. Tension is concentrated near the edges, so that the plastification is 
produced in two parallel lines situated near the fixed vertical edges. As can be seen from 
Figure 64 a, which represents the stress versus plastic strain in the most compressed point 
(situated in the middle of the upper edge), yield is not reached, even though plastic strains 
appear. Contrarily, yield is reached near the edges, and plastics strains at last step are shown 
in figure 64 b.  
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Figure 64 Stress Plastic strain in the most compressed point (a) and  
plastic strain distribution from the top of the wall (b) 
Failure mechanism and stress states of wall I 
 
Figure 65 show the plastic strains formation, the state when they reach their maximum value 
and the strains at the last step of the analysis. They are formed at the middle of the wall, 
where the deformation is maximum, so the cracks appear at this point. In a later state, the 
plastic strains are propagated in the direction of the corners of the wall. It is expected that 
cracks form in the central bricks, and expand by diagonal lines to the corners.  
   
Figure 65 Plastic strains of detailed wall I at different steps 
 
Moreover, figure 66 shows the stress states at different stages of the analysis in the deformed 
shape of the wall. At the last step can be appreciated that central bricks are losing contact. As 
before, the failure mechanism is a combination of separation between bricks along their bonds 
and cracking.  
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Figure 66 Stress- Plastic strain in the most compressed point 
Stress in the Y-direction over plastic strains measured in the middle point of the wall (figure 
67) shows that plastic strains appear when the compressive stress reaches a value of 12 MPa. 
Beyond this point, compressive stresses increase as well as plastic strains until yield 
compressive stress (20 MPa) is overcome at a plastic strain of 0.0005. As the analysis 
continues, the plastic strains keep increasing up to a value of 0.0036, for a stress of 30 MPa. 
   
Figure 67 Stress states of detailed wall I at different steps 
5.2.1.1 Cohesive model 
As it is specified in the study of the contact between surfaces, a cohesive model leads to more 
appropriate results. Thus, the detailed model of the wall is modified in order to provide 
cohesive properties to the contact between surfaces. This model can be created by means of 
the definition of all the existing surfaces, and the assignation of the master surface to their 
corresponding slave surfaces. There is a total amount of 75 bricks, so 300 surfaces are 
individually defined and linked.  
Contact modeling usually leads to convergence difficulties. The created model has large 
instabilities so the analysis cannot be completed. Overclosure between surfaces is too severe, 
so a contact diagnostic is made before conducting the analysis, in order to check the data to 
0
5
10
15
20
25
30
35
0 0,001 0,002 0,003 0,004
S
tr
e
ss
 s
2
2
 (
P
a
)
Plastic strains
Numerical analysis of the out-of-plane behavior of unreinforced masonry walls 
 
 
73 
 
review the initial contact, identify regions of the model involved in difficulties and quantify the 
severity of the error. The following recommendations are taken into account: 
• Using interference fit in order to adjust the position of the slave surface to ensure that 
all the slave nodes are initially in contact with the master surface without penetration. 
By this procedure, surfaces are translated exactly into contact at the start of analysis 
with an allowable contact interference of v=0.01 m, which is the maximum overclosure 
value, taken from the Message file.  
 
• Taking steps to more firmly establish contact before proceeding with the simulation.  
 
• Adding stabilization to the model by means of the adjustment of contact controls, in 
which a maximum penetration error is defined for a certain maximum number of 
nodes, as well as a tensile strength.  
 
• Switching the master and slave assignments. This recommendation does not affect to 
the fact that the model, in which both master and slave surfaces have the same mesh 
and geometry, so there are no criteria to differentiate master and slave surfaces.  
 
• Refining the mesh on the slave surface. Problems are caused by surfaces created on 
very coarse meshes, so that the master surface can grossly penetrate the slave surface 
without resistance when non matching meshes come into contact. In a new model, the 
mesh of the bricks is refined, so that the elements have half size. As the meshes in 
contact have the same size, matching is perfect. The latter is supposed to lower 
oscillations in the contact stress.  
Although all these recommendations are applied, the problem persists. That may be due to 
that the slave nodes along the perimeter of the surface are touching the master surface, but 
the next row of nodes is hanging over the rim of the master surface, so that the master surface 
can penetrate the slave with little resistance between the nodes. Any situation in which the 
master surface is free to penetrate the slave surface can prevent an analysis from converging.  
Further alternatives are the implementation of other contact controls, such as the control of 
increment size based on penetration distance or the usage of modified second-order 
tetrahedral elements, which yield better stress distributions at the contact interface when 
problems with large amount of plastic deformation occurs. 
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5.3. Comparison between the Homogenized and Detailed walls 
The expected differences between the results obtained with a homogenized and a detailed 
model of an unreinforced masonry wall are well known. Despite of that, results obtained in 
previous numerical analysis are compared in order to determine the magnitude of these 
differences, as well as, to observe the different descriptions obtained of the failure 
mechanism.  
The results of model wall I are compared for both approaches. In one hand, the force-
displacement curves, and in the other hand, the failure mechanisms, by means of the 
development of the plastic strains, as well as the opening of the bricks in the detailed case are 
contrasted. 
 
Figure 68 Comparison between homogenized and detailed models 
As shown in figure 68, the bearing capacity of the homogenized model is much greater (about 
three times) than the bearing capacity of the detailed model. Obviously, a finer resemblance 
would be expected if the homogenized model would take into account the properties of the 
mortar. Moreover, while the detailed model has potential fracture planes, introduced by the 
determination of the contact between bricks, the homogenized model behaves as a calcium 
silicate slab.  
 
Figure 69 Comparison between stresses (a, c) and plastic strains distribution (b,d) on the homogenized and 
detailed model 
0
2
4
6
8
10
12
14
16
0 0,01 0,02 0,03 0,04 0,05
F
o
rc
e
, 
F
 (
N
)
Displacement (m)
Detailed model
Homogenized model
Numerical analysis of the out-of-plane behavior of unreinforced masonry walls 
 
 
75 
 
Failure of the wall is observed in both approaches in a similar way with some differences, 
explained as follows. While in the homogenized wall plastic strains are developed initially near 
the edges (where the boundary conditions are directly affecting) and for higher pressure they 
appear in the middle of the wall and are propagated through the corners, the fracture 
mechanism of the detailed model combines opening of the joints and cracking on the bricks. 
The opening between bricks can be seen in figure 69 c, where the deformed shape is plotted. A 
part from the opening developed by the detailed wall, plasticity occurs in the bricks subjected 
to greater stresses. It is shown how the bricks open creating a horizontal plane of failure in the 
mid height of the wall. Similarly, in the homogenous wall, plastic strains are produced in a 
comparable mode. Beyond this point, in the areas situated near the plane of failure of the 
detailed model yield (thus, crack) in a similar way as they do in the homogeneous model.  
5.4. Validation of the model 
A preliminary validation of the model is done. A numerical model is developed in order to 
analyze and compare its overall behavior of the wall under out-of-plane forces and the fracture 
mechanism to experimental test. Due to the lack of experimental test on walls under out-of-
plane loading, a validation is intended to do with a wall found in the literature. A test with a 
wall made of clay bricks and standard mortar mix of Portland cement, lime and sand [10] is 
used. It is worth to notice that the materials, as well as the dimensions of bricks, type of bricks 
and dimension of the tested wall, extremely depend on the country in which the study is 
performed due to a matter of construction technique choice.  
Conditions and data of the experimental test 
A 3.5x2.7 m
2
 wall with top edge free with 1m deep return wall restrained against rotation and 
subjected to simulated roof load of 0.04 MPa was conformed. The dimensions of the brick 
units were: 230x110x76 mm
3
 with three 45 mm diameter holes. An airbag was used to apply a 
uniformly distributed load to the wall. The material properties are summarized in table 17. 
Table 17 Material properties of brick and bond in the experimental tests  
 
Bricks E 11000 MPa 
σc 15 MPa 
Bond σt 0.16 MPa 
Experimental results  
As the upper edge of the wall is free, and the rest of the edges are fixed, the wall cracks 
vertically from midway along its top and diagonally from its two bottom corners with the three 
cracks meeting somewhere near the centre of the wall, as shown in figure 70. Some diagonal 
cracks also formed in the upper half of the wall. This was due to the rotational restraint 
provided by the return walls [21], which were constrained against movement at their base 
and, in consequence, bending occurred in them.  
Numerical analysis of the out
 
 
 
Figure 70
 
After the ultimate load is reached
72). The test wall fails by developing a complex pattern of cracking that, in general, resembles 
yield lines of a reinforced concrete slab 
Numerical Analysis  
 
In the model, a vertical load pressure is impo
boundary conditions are applied on a 
on the wall until yielding. In figure 71
is shown.  
Figure 71 Geometry 
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 Failure mechanism in the experimental test [21] 
 (30 MN), a very rapid degeneration in strength occurs
[4]. 
sed by 1.15E-5 m vertical displacement; 
concrete frame and an out-of-plane pressure is applied 
, a scheme of the geometrical configuration and the mesh 
 
and mesh of the model used for verification 
 
 (figure 
the 
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Comparison of the results 
In figure 72, results are compared in terms of reaction force – displacement on the middle 
height of the wall relationship. 
 
Figure 72 Comparison between experimental and numerical results 
The two main differences between experimental and numerical results, apart from peak 
resistance value, are that post-peak behavior can be described for the experimental test (and 
not for the numerical test, which is force-based) and that the experimental curve can be 
expressed in terms of a bi-linear curve, while the numerical result is clearly non linear. The 
latter is a consequence of the material model used, in which plastic behavior, or softening, is 
allowed. In reality, the material has a high degree of brittleness, so resistant strength is lost 
rapidly once cracks are formed.  
As it is obvious, the bearing capacity of the numerical model, as well as the deformation 
reached at ultimate strength, is much greater than in reality. Several parameters in the 
numerical model must be more appropriately defined. It is remarkable to notice that the 
presence of holes on the bricks is not considered in the model. This fact is supposed to have a 
great influence on the behavior of the wall. Other parameters that should be revised are the 
boundary conditions, which may not be applied in the same way as in the experimental test, in 
which there are return walls on both sides, and contact between bricks is considered frictional, 
due to the lack of information, among other reasons. 
Due to the slenderness of the wall and the plastic properties of the material model, the 
fracture mechanism differs from the real one. Figure 73 a shows the deformed shape (with a 
magnification in the out-of-plane direction of 40 times) and figure 73 b, the plastic strains. As 
can be seen, plastic strains are developed near the edges, when they are expected to appear in 
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the middle upper part of the wall, as happens in wall A, studied previously in this chapter (see 
figure 61).  
 
 
Figure 73 Deformation in the out-of plane direction (a) and plastic strains (b) 
Despite of that, this verification has been carried out in order to notice the significance of a 
model validation procedure, which due to the lack of the most convenient experimental test is 
not properly performed.  
 
5.5. Unreinforced Masonry Wall under quasi-static cyclic out-of-plane loading 
The aim of this section is to investigate the seismic response of out-of-plane walls by means of 
an analysis of the wall under quasi-static cyclic loading. A hysteresis model, a numerical 
representation of the load-displacement relationship, is developed. A time history analysis to 
simulate the dynamic nonlinear response of the wall is made. It is not the aim to determine 
the seismic resistance to a particular earthquake.  
As in the static case, a parametrical study is performed. Variations on the aspect ratio and 
vertical load level are studied. Similar simulations can be performed in order to have 
representative data about the out-of-plane cyclic behavior of single walls. These data can 
become one of the sources of simulated results that are required in the displacement based 
design for masonry buildings. Moreover, data can be generated to make predictions about the 
resistance of the wall under more realistic earthquakes.  
Displacement based design for masonry buildings 
Displacement based design is based on the capacity spectrum method, developed by Freeman 
[23], which is a nonlinear static method that compares the seismic actions to the loading 
capacity of the building, taking the material behavior with its post-peak capacity into account. 
The building capacity is described by an inelastic cyclic pushover curve, and the seismic load is 
represented by the response spectrum. The intersection point between the curves transferred 
in the spectral acceleration – spectral displacement plane, is the “performance point”, which 
indicates the maximum spectral displacement for the spectrum [24]. 
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In the displacement based design for masonry buildings, the cyclic load displacement curves 
(capacity curves) of single shear walls are used to determine the nonlinear push-over of an 
entire structure. The capacity curves of single walls are derived from interpolations of capacity 
and damping curves at different load levels and aspect ratios. These curves can be obtained by 
experimental tests, numerical simulations and analytical computation.  
The transformation of the curves into the Sa-Sd plane is based on a model of an equivalent 
single degree of freedom system. The influence of energy dissipation within the nonlinear 
range of the capacity curve is considered by a reduction of the linear elastic response spectrum 
by means of an effective viscous damping, which is the sum of the viscous damping and the 
equivalent viscous damping due to hysteretic behavior.  
 
Figure 74 Calculation of the equivalent viscous damping [25] and determination of the "Performance Point" 
In the case of concern, the results are evaluated from the force-displacement hysteretic 
response of the model under cyclic out-of-plane loading. The analyzed parameters, which are 
crucial for the displacement-based design, are described below:  
• Cyclic stiffness is defined as the slope of the line joining the origin and the peak value 
of the respective cycle. Propagation of cracks during cyclic loading causes the stiffness 
degradation in the specimen. The stiffness degradation of every cycle is the ratio 
between the stiffness at a particular cycle with respect to the first one [26]. 
• The energy dissipation is the area enclosed by load-deflection hysteresis curve and the 
energy input is the sum of energy dissipation and the restorable elastic energy:  
DEL EEE +=  (38) 
where EL is the total energy input, EE is the restorable elastic energy and ED is the 
dissipated energy. The specimen is capable of absorbing energy through plastic 
deformation. As the structures with higher energy dissipation capacity are safer for 
earthquakes, it is important to know their energy dissipation capacity in order to 
determine their seismic resistance.  
• The viscous damping ratio is calculated by the method of energy dissipated per cycle 
of loading, using hysteresis loops in the cyclic loading tests, as is described in figure 74. 
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Detailed unreinforced masonry wall under cyclic out-of-plane loading 
 
As well as in the static analysis, the behaviors of various unreinforced masonry walls are 
compared. The response of the detailed wall modeled without cohesion, only friction, 
subjected to different boundary conditions is studied.  
In order to determine the cycles, the pick load in each cycle is incremented linearly until a 
pressure that led to its ultimate resistance in the static analysis, by assuming a total of 7 
complete cycles. The load history with variable amplitude is shown in figure 75.  The maximum 
pressure resisted by the studied walls A and I under monotonic load is about 0.7 MPa. This 
value is taken as a reference to determine the cycles, which reach the 0.66 MPa in the last 
cycle. The behaviors of Wall A, Aa, Ab and I are compared. 
 
Figure 75 Out-of-plane loading history in the cyclic test for wall A 
It is expectable that walls dissipate a significant amount of energy through hysteresis loops. 
This is likely to be caused by the frictional resistance mechanisms, resulting in highly nonlinear 
and inelastic behavior. Good energy dissipation characteristics under cyclic loading are highly 
beneficial to the seismic performance of the structural system [27, 38]. 
 Wall A 
The detailed wall with three fixed edges and free top edge studied in section 5.2 is now 
subjected to the previously defined cyclic out-of-plane pressure (figure 75). The response of 
the wall in terms of the hysteretic force-displacement is shown in figure 76.  
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Figure 76 Hysteretic response of wall A under cyclic test 
The wall can only bear up to a pressure of 588 MPa, that means that not all the cycles are 
completed. On the last cycle, the wall fails and the displacement increases until a value of 5 
cm.  
Moreover, the force displacement response is not symmetric with respect the initial state of 
deformation; while for positive displacements (because these correspond to the first direction 
of the cycle) the maximum reaction force is 2 MN, for negative displacements and the same 
cycle the wall bears almost 3 MN. That effect may be due to the loss of energy dissipation 
capacity produced by the damage, which produces a permanent loss of deformation 
recuperation. 
 
Figure 77 Stress - Plastic strain developed in the most solicited point of wall A subjected to cyclic test 
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In figure 77, the evolution of stresses in the Y-direction, perpendicular to the out-of-plane 
load, is plotted against plastic strains. The graph corresponds to the most stressed point, which 
is situated in the middle of the upper free edge. In this point, the plastic strains are initiated, 
and the stress increases until the compressive yield value (20 MPa).  
 
Wall I 
The detailed model of the wall subjected to fixed edges is submitted to the previous out-of-
plane cyclic loading. In figure 78, the hysteretic force-displacement curve is shown. For the first 
cycles, the stiffness degradation cannot be appreciated, but as much as the peak value in each 
cycle increases, the stiffness degradation also does. That leads to energy dissipation, which 
corresponds to the area enclosed by the hysteretic response of the wall.  
 
Figure 78 Force-displacement response of the wall under out-of-plane cyclic load 
 
Figure 79 shows the stress – plastic strain relationship developed during the cyclic test in two 
points, situated in the two sides at the middle point of the wall. Point A corresponds to the 
side which is initially, for the first load increment, in compression. It can be seen that this point 
reaches compressive yield stress, and it behaves elastically. When a stress of 10 MPa is 
reached, this side of the wall behaves plastically, so that plastic strains appear.  
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Figure 79 Stress - Plastic strain of most solicited point of wall I subjected to cyclic loading 
Wall Aa 
The influence of the aspect ratio in the results of the cyclic test is studied by means of the 
comparison between the hysteretic curve of walls A and Aa. As remarked in the results of wall 
Aa under monotonic out-of-plane load, these walls behave differently. While wall A has the 
expected failure mechanism, wall Aa develops two vertical cracks near the edges. This 
phenomenon appears also under cyclic loading and may lead to a hysteretic force-
displacement curve notably different to the corresponding to wall A.  
 
 
Figure 80 Hysteretic response of wall Aa under cyclic test 
Wall Aa completes only two of the cycles imposed until failure. As shown in figure 81, the 
stress achieved at the last step by the point situated in the middle of the upper edge of the 
wall is lower than the yield compressive stress. While wall A develops a bearing capacity 
-20
-18
-16
-14
-12
-10
-8
-6
-4
-2
0
-0,0071 -0,0061 -0,0051 -0,0041 -0,0031 -0,0021 -0,0011 -0,0001
S
tr
e
ss
 S
2
2
 (
M
P
a
)
Plastic strain
Middle point A
Middle point B
-3
-2
-1
0
1
2
3
4
-0,0025 -0,002 -0,0015 -0,001 -0,0005 0 0,0005 0,001 0,0015 0,002 0,0025
F
o
rc
e
 F
(M
N
)
Displacement
Numerical analysis of the out-of-plane behavior of unreinforced masonry walls 
 
 
84 
 
similar to the corresponding to wall Aa. Even though, as expected, the wall with higher aspect 
ratio reaches lower maximum deflection at these points, as less flexible that it is. The 
difference between maximum displacements is the 10%, so that, wall Aa deflects until a 
maximum value of 0.02, while wall A only reaches 0.002. 
 
Figure 81 Stress - Plastic strain in the most solicited point of wall Aa under cyclic test 
Wall Ab 
The influence of the thickness in the results of the cyclic test is studied by means of the 
comparison between the hysteretic curve of walls A and Ab.  As in under monotonic load, wall 
Ab, which bricks have a thickness of 17.5 cm, behaves in a more ductile way, and has a lower 
bearing capacity than wall A, with a thickness of 24 cm. The differences in the behavior can be 
appreciated in the hysteric force-displacement, which is shown in figure 82. Wall Ab under 
cyclic loading, resists up to 2 MN for positive displacement and has a slightly lower bearing 
capacity in the opposite direction, where it fails. 
 
Figure 82 Hysteretic response of wall Ab under cyclic test 
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Wall A has a similar bearing capacity for positive displacements, but contrarily, when it is 
subjected to an out-of-plane pressure with opposite sign, has a greater resistance (3 MN). 
Beyond that point, which is reached for a displacement of 2 cm, the wall fails. The maximum 
bearing capacity for wall Ab, which is expected to behave in a more ductile way, is reached 
when the most deflected point has a displacement of 5cm, and fails at a maximum 
displacement greater than 10 cm. 
 
Figure 83 Stress evolution developed in the most solicited point of wall Ab 
 
The failure mechanism of wall Ab coincides with the failure mechanism of wall A, which is 
explained above. Figure 83 shows the increasing values of the stresses in the most solicited 
point of the wall. It is noticed that the point experiments only compression stresses, so that it 
fails plastically due to crushing (or compressive yield).  Even though, in the last cycle the yield 
compression stress is not fully reached. The reason why tensile stresses do not appear is that 
when bricks are subjected to tensile tresses, they tend to separate and normal contact is lost. 
At this point, contact pressure is zero and opening occurs.  
Conclusion 
Under seismic load, a structure is subjected to multiple reversed cyclic accelerations of 
increasing magnitude up to the peak ground acceleration and the structure exhibits 
corresponding levels of damage until reaching the peak displacement cycle [29]. Walls exhibit 
highly nonlinear and inelastic load-displacement behavior as shown by the hysteresis curves. 
Nonlinearities are caused by the frictional resistance mechanisms along crack lines and by 
rigid-body rocking mechanisms [1]. Moreover, walls undergo strength and stiffness 
degradation during the course of testing due to cumulative cracking [30]. In reality, the overall 
degradation results from several irreversible types of damage, including progressive tensile 
and shear cracking of the brick-mortar bonds, line failure through the units in horizontal 
bending, crushing of the bed mortar joint at large crack rotations and sliding [1, 9]. 
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6. Conclusions 
Two finite element models have been developed as three-dimensional solids in order to study 
the out-of-plane stability of unreinforced masonry walls. The first model is based on the so-
called homogenization technique and in the second one each brick constituting the wall is 
individually modeled, as well as the contact between them, governed by mortar behavior. The 
constituent material of masonry is modeled in both cases by a damaged plasticity model for 
brittle materials. The response of both models is analyzed for different configurations, in which 
parameters, such as boundary conditions, geometry, vertical load level and joint description, 
are studied. The walls are subjected to monotonic and cyclic loads.  
The comparison of both models to theoretical and, when data are available, experimental 
results, suggests that they provide a good approximation of the behavior of URMW in terms of 
the failure mechanism. Nevertheless, due to the lack of experimental results made with walls 
with similar properties as studied, a quantitative verification of the walls behavior has not 
properly been carried out.  
The most important difference on both developed models is the properties of the failure 
mechanism. While the homogenized model gives a general idea about the cracking pattern, 
the detailed model has the advantage of describing with more accuracy the failure, in which a 
combination of cracking and crushing and failure of the joints can be observed. Despite of that, 
the detailed model leads to greater computational cost, and in consequence, longer 
calculation time.   
Besides, both models lead to the same conclusion about the parametrical influence over the 
peak resistance of the wall. While vertical load level is positively correlated with the bearing 
capacity, the thickness and aspect ratio are, by contrast, negatively correlated. Despite of that, 
the most influent parameter on the resistance of the wall is the subjection conditions. It is 
important to notice that the more restrictive the boundary conditions, the greater the bearing 
capacity.  
In conclusion, the main qualitative properties for enhancing the resistance of URMW under 
out-of-plane loading that should be taken into account in the construction design are: 
• To provide the wall of proper subjection conditions 
• To reduce, as possible, the aspect ratio and increase the thickness of the bricks. 
• To take into account the vertical load level, that provides confinement to the wall, thus 
greater bearing out-of-plane capacity.  
Moreover, a study of different formulations of the contact between bricks has been performed 
in order to adjust the interaction properties to mortar behavior. Two main models of the 
tangential behavior of contact have been developed. A first model with only frictional behavior 
and an improved one with cohesive behavior and tensile strength added. Both formulations 
are tested in a wall sample, and a conclusion can be drawn. On one hand, the response of both 
models is described by practically identical force-displacement curves, as well as the failure 
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mechanism. On the other hand, when the cohesive model is implemented, the behavior of the 
wall can be defined for a wider range of displacements, so that contact between bricks is lost 
at a later stage thanks to tensile strength and stiffness of the joints.  
In conclusion, the models performed in this work, may be subjected to improvements in order 
to adjust their behavior to the real one. Two lines of work could be followed; firstly, an 
improvement of the homogenized properties, in which joint influence is taken into account, 
might be carried out and finally, a more accurate model of contact properties might be 
developed.  
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